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Among the many recent quality initiatives, Six Sigma has proved to be very 
effective in removing mistakes, cutting costs and bolstering companies’ profits. In its 
recent developments, Design For Six Sigma (DFSS) and the related IDOV roadmap 
focusing on one major sustainable competitive advantage - innovation - were 
developed. An overview of all these concepts and the main associated tools are 
presented.  
 
In the very first steps of this IDOV scheme, the Quality Function Deployment 
(QFD) tool is showed to be prevalent as it captures the “Voice of Customers” and then 
explicitly translate it through a matrix of relationships (the House of Quality) into 
settings for the technical attributes of a new product or services. This ensures an 
emphasis on the customer satisfaction within the New Product Development process.  
Although QFD is a well-known method, there are still a number of shortfalls, which 
need further attention so that it better fits DFSS principles and objectives. Adopting a 
quantitative approach to the use of QFD, a new multi-criteria optimization model is 
developed, capable of addressing both the customer satisfaction and cost targets 
through a trade-off analysis. Within this new framework a set of Pareto optimal 
solutions can also be easily generated. Rather than a supposedly optimal solution, it 
lists down all “equally good” alternatives, which can provide a basis for further 
consideration by the management. The robustness of the model is proven through a 
sensitivity analysis based on the Excel Solver. It is shown that the formulation is 
general enough to include many previous approaches as its special cases and that it 
  v
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overcomes some of their drawbacks. To adapt to different directions of improvement, a 
desirability function approach to represent the Technical Attributes’ values is used. To 
accommodate various practical situations, the model allows for discrete Technical 
Attributes’ values and more complex cost functions than the traditional linear ones 
(e.g. simple step functions or discontinuous functions characterized by segments). 
Finally the whole scheme remains yet simple enough to be implemented using a 
spreadsheet interface with MATLABTM. For illustration purpose, a case study of a 
digital camera is presented. 
  
 To demonstrate that the tools are useful even beyond engineer application, a 
case study in health care is conducted. The new QFD scheme is attempted to address 
some of the issues of these more and more challenging industry. In association with 
the staff of a re-structured hospital, the patients’ requirements and a consistent set of 
healthcare features were first identified. A scheme was then suggested for the 
practitioners to address the gap between the hospital’s complex organization and 
constraints and QFD more formal and simplified requisites. Through this 
interpretation, sensible results are to be generated and help management in deciding 
priorities and budget allocation. This can be a launching point to cope with the 
challenging Singaporean health environment by using the methodology to formulate 
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DFSS   Design For Six Sigma 
HoQ   House of Quality 
IDOV   Identify and define the opportunities, develop concepts, 
Optimize 
   the design and Verify the design 
LTB   Larger-The-Better 
NPD   New Product Development 
NTB   Nominal-The-Better 
PC   Product Component 
QFD   Quality Function Deployment 
STB   Smaller-The-Better 
VoC   Voice of the Customer 
iTA     i-th Technical Attribute 
iCR    i-th Customer Requirement 
( )xS    Overall Customer Satisfaction 
( )xSi    Customer Satisfaction for CRi
*S    Customer Satisfaction target 
( )xC    Overall cost 
( )xC j    Customer Satisfaction for TAj
*C    Cost Target 
SP    Prioritization coefficient for the Customer Satisfaction 
CP    Prioritization coefficient for the Cost 
{ nxxxX ,...,, 21= } Degree of target attainment of the n TAs 
jx    Value of TAj depending on the chosen unit 
jLx    Lower physical limit for TAj
jUx    Upper physical limit for TAj
  vii
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0
jx    Initial value for TAj
ijR    Relationships between CRi and TAj
jkT    Relationships between TAj and TAk
id    Weight of CRi
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 Quality is being more and more emphasized by companies, academics and 
researchers. Initiatives in this domain came to encompass a broader and broader scope 
till the notion of Total Quality was finally introduced. Defined by Procter & Gamble as 
“the unyielding and continually improving effort by everyone in an organization to 
understand, meet, and exceed the expectations of the customers”, it thus embraces 
fields as diversified as quality engineering, customer satisfaction, human resources or 
leadership (Evans and Lindsay, 2002). In 1979 Motorola drastically changed its quality 
policy and came up with the new concept of Six Sigma. While embarking on this new 
business strategy, the firm rapidly experienced great savings. By now Six Sigma has 
become one of the most popular and effective quality initiatives among organizations. 
Lots of companies such as General Electric, Allied Signal, Honda and Sony have 
adopted this “powerful breakthrough management tool” based on the belief that high-
quality products/services cost less to produce/provide (Harry and Schroeder, 2000). 
Another scheme - Design For Six Sigma (DFSS) - was also developed back then so as 
to be used conjointly with the Six Sigma methodology and overcome a few of its 
shortfalls as far as a new product development process and going beyond the “five 
sigma wall” were concerned. Based on lots of standard pre-existent methods, the 
  1
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associated IDOV framework was at the same time promoted as a mean of achieving 






















 Figure 1.1 Quality from the Six Sigma's perspective (Harry and Shroeder, 2000) 
Basically the first part of the IDOV scheme is concerned with identifying and 
g opportunities for a project. Obviously this stage is to be highly customer-
d and because all the following steps will rely on the outcome, this explains 
ucial it is for the whole DFSS scheme. Yet setting target values of design 
ters has always been a difficult task during design and development phases. Not 
product/service must fulfill fitness for use with minimal cost, it must also be 
ng to customers to gain sufficient market share so that companies remain 
ble. To meet this challenge, the use of Quality Function Deployment (QFD) is 
ing prevalent as it captures the “Voice of Customers” (VoC) and explicitly 
rs the setting of technical attributes. This tool was first developed 
ndently from the DFSS philosophy and principles. This explains that QFD is 
ily one-sided and only focuses on the customer satisfaction out of any other 
rations. Nevertheless it is essential in parallel to monitor operating expenditures 
dget on which profitability will eventually depend. Many aspects (i.e. customer 
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satisfaction, profitability…) have therefore to be reconciled and taken simultaneously 
into consideration within a new concept generation. We shall also emphasize that there 
is no “perfect” product/service but several concurrent “optimum” project among which 
the firm (i.e. the new product development team in charge of the IDOV application) 
will have to make a decision. On the other hand a few drawbacks have been 
highlighted through the literature (Bouchereau and Rowlands, 2000) to suggest reasons 
for the under-use of QFD: the analysis is stopped after the first phase breaking the 
links between the four matrices of the whole process, setting target values in a House 
of Quality (HoQ) is imprecise, the method is qualitative… All this finally explains the 
motives for enhancing the QFD tool in the directions raised here above. 
 
1.2 THESIS ORGANIZATION 
 
 Chapter 2 briefly reviews DFSS philosophy and principles. All the phases of 
the IDOV method and the major tools involved are then browsed. Suggestion of 
potential improvements are raised so that some of the methodologies may fit more 
tightly with the DFSS objectives and thus be more efficient when used in this 
circumstance. Chapter 3 presents a literature review of QFD. It introduces the basic 
principles of the tool and focuses on the research works, which have already been 
carried out in this domain. 
 
In chapter 4, a multi-criteria optimization model for performing trade-off 
analysis in QFD is introduced. The framework considers customer satisfaction targets 
as well as cost targets. This enables design engineers to generate and evaluate a set of 
Pareto-optimal solutions with respect to both objectives, so that collective decision 
  3
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making can be achieved with other members of the multi-functional team involved in 
the product development process. In particular, we use a desirability function approach 
to represent the Technical Attributes’ values so as to adapt to different directions of 
improvement. The formulation is general enough to include some previous approaches 
as special cases yet the scheme is simple enough to be implemented using a 
spreadsheet and the Excel solver. For illustration purposes, a case study of a digital 
camera is presented using a simpler variant of the model so that various sensitivity 
analyses can be performed. 
 
The next chapter further develops the model previously introduced. In order to 
accommodate various practical situations, the new framework allows for discrete 
Technical Attributes’ values and more complex cost functions than the traditional 
linear ones (e.g. simple step functions or discontinuous functions characterized by 
segments). Still the whole scheme remains simple enough to be implemented using a 
spreadsheet interface with MATLABTM. For illustration purpose, the case study of a 
digital camera is again used. 
 
 Chapter 6 deals with a case study in the healthcare services. The healthcare 
industry is indeed becoming a more and more challenging sector with hospitals urged 
to provide the patients with high-quality and low-cost services. More specifically in 
Singapore this trend has been accentuated by an ageing population coupled with a 
change in the population health needs, a rising expectations for better and more 
sophisticated healthcare services and an increasing cost of providing healthcare. In this 
study, the new QFD scheme is attempted to address some of these issues. In 
association with the staff of a re-structured hospital in Singapore, the patients’ 
  4
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requirements and a consistent set of healthcare features are first identified. A scheme is 
then suggested for the practitioners to address the gap between the hospital’s complex 
organization and constraints and QFD more formal and simplified requisites. Through 
this interpretation, sensible results are to be generated and help management in 
deciding priorities and budget allocation. This could be a launching point to cope with 
the challenging Singaporean health environment by using the methodology to 
formulate guidelines and policies aimed at enhancing healthcare services. 
 
 In addition to a summary of the work, which has been done, Chapter 7 
introduces the subsequent matrices of the QFD framework. It suggests future research 
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Chapter 2 
Design For Six Sigma and its tools 
 
 
2.1 SIX SIGMA AND DESIGN FOR SIX SIGMA: AN OVERVIEW 
 
Among the recent quality management initiatives such as Total Quality 
Management, the Malcolm Baldridge National Quality Award and ISO9000, Six 
Sigma is not in the first place substantially different from all these latter practices. In a 
nutshell, it is a structured approach to improving business performance driven mostly 
around measurement and process enhancements, i.e. streamlining production and 
business processes so as to remove errors, waste, rework and at the end save money. 
Yet Six Sigma is being much emphasized and is arising a great deal of interest (Snee, 
2000, Hoerl, 1998, Hahn et al., 1999). By committing themselves to this quality 
initiative, many companies have achieved great savings while confirming the 
efficiency of the concept. That Six Sigma is associated with some of the best practices 
can account for this success: 
• Measurement system and use of absolute numbers. Heavily based on statistics, the 
scheme sets clear goals to achieve. Sigma basically designates the standard 
deviation, which measures how far from a given target a process performs. This is 
used to assess the capability of a process to carry out a task without defects. 
Obviously the higher the sigma value is, the fewer defects there are and the theory 
gives six sigma as the virtual target to reach. 
  6
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• Structured process for improvement. In order to obtain such objectives, a clear 
overall roadmap then involves the five DMAIC steps: Define the problem and the 
needs, Measure the enhancements to bring, Analyze where the problem starts, 
Improve the situation and Control that the improvements are concretely effective 
and the problem is settled. This promotes a disciplined approach to appropriately 
integrate the tools (Gross, 2001). 
• Link to the P&L. A great emphasis is put on the financial benefits and impact 
which play a predominant role in selecting the projects and assessing the results: 
rapid project completion (between 3 and 6 months) as well as measurable bottom-
line results in terms of cost savings are two requisites of the method (Ehrlich, 
2002). This has on the other hand greatly contributed to Six Sigma’s popularity as 
benefits are easily quantified. 
• Commitment to the initiative. Six Sigma is a business strategy, which involves the 
senior management of a company and requires their full support and enthusiasm. 
Unlike the other initiatives, the quality department only acts as a support for all 
individuals of the organization who are trained and responsible for implementing 
the whole scheme (Sanders and Hild, 2000). 
However efficient Six Sigma may be, two drawbacks have yet been 
emphasized by the practitioners and literature (Chowdhurry, 2002, Ehrlich, 2002). 
Firstly even the most successful companies have rarely been able to go further than a 
“five sigma” level of quality when applying the DMAIC scheme. Secondly this 
method is concerned with “repairing” a process by incremental improvements: Six 
Sigma is an effective and powerful methodology for removing nonconformance but 
only one, which has already occurred. It neither attempts to get it right the first time 
nor can it really deal with a New Product Development (NPD). This explains the need 
  7
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
for a new approach, Design For Six Sigma (DFSS), so as to overcome all these 
shortfalls. Still it does not mean that one should give up on Six Sigma but rather that 
the two theories are complementary. 
 
As per GE’s statement, “The essence of DFSS is predicting design quality up 
front and driving quality measurement and predictability improvement during the early 
design phases” (Treichler et al., 2002). As a proactive scheme, it is aimed at (re-) 
designing a product, service or process, getting it right the very first time and avoiding 
the need for further remediation efforts (i.e. later inspection, test and rework). For this 
purpose, DFSS focuses on customer satisfaction, more innovation, higher quality and 
still lower cost all through the design process. The method also emphasizes as a 
necessary condition of success that people from different divisions have to work in 
parallel instead of acting separately and in series during the design process. It promotes 
concurrent engineering and a NPD team involving representatives from every 
department. All this ends up generating proper designs with better understanding of the 
customer’s needs, integration of their priorities throughout the NPD process, reduced 
time to market, reduced costs and improved overall quality and reliability.  
As Six Sigma relies on the DMAIC method, DFSS effort is guided by another 
roadmap. No universal consensus has been reached upon this issue yet and we shall 
highlight here the IDOV scheme. Briefly, the four steps - Identify and define 
opportunities, Develop concepts, Optimize the design and Verify the design - 
respectively aim at understanding the customer, understanding the system, designing 
robust performance and verifying the final system (Antony, 2002, Woodford, 2003, 
Phadnis, 2003). The great benefit of this approach is twofold. First DFSS is above all a 
way to systematically raise the right questions, to ensure that all the ongoing projects 
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are moving in the same direction, to improve communication, “to speak a common 
language” for a rational overall organization and budget allocation (especially in the 
case of huge structure handling lots of projects per year) and to provide company 
values boosting its culture and marketing. Then lots of quality tools used to be 
considered as stand-alone initiatives and thus underestimated. DFSS methodology (as 
well as Six Sigma) provides an overall structured framework into which established 
methods can be assimilated. It organizes the tools into a coherent and structured 
strategy, which supports the NPD process as a whole (Mader, 2002). Not anything 
radically new but rather the accumulation of previous quality initiatives, it incorporates 
the lessons, which have been learnt over the years from both success and failures. 
DFSS is thus a systematic roadmap for any new product development in terms of 
questions to ponder and tools to use for finding answers. 
 
So far the literature related to DFSS has been rather scarce. This first motivates 
an attempt to encompass the milestones and major tools and methodologies involved 
throughout the different stages of the IDOV scheme. Our overview shall include 
“standard” methods as well as suggestion of other ones that have been so far 
overlooked in the literature. On the other hand some of those tools may need 
improvements so as to be really efficient from a DFSS perspective. They were not 
initially created specifically for addressing the needs of the IDOV framework and 
some enhancements may be required for them to better fit the DFSS philosophy, 
principles and requisites. The improvement directions may be various. Precision 
problems are likely to arise as the final objective of six sigma is very small in terms of 
Defects Per Million Opportunities (DPMO) and requires tools capable of measuring 
such a variation. Generally speaking, it turns out that most methodologies are rather 
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focused whereas DFSS theory seeks to conciliate several concepts such as customer 
satisfaction, cost, schedule, quality of the parts and manufacturing processes and 
promotes concurrent engineering and communication among different functional 
departments. This urges the development of cross-functional tools that simultaneously 
encompass several of these objectives and enables one to address a trade-off. Since 
DFSS is aimed at being used by people whose background is not necessarily technical 
(e.g. statistics, reliability), the user-friendly aspect should be important. Finally 
impacts on the NPD process, resources’ requirements, time efficiency and 
development risks covered must be clear and straightforward to the practitioner so as 
to rapidly assess the tool(s), which would be the most appropriate for a situation 
 
2.2 THE IDOV METHOD 
 
All the IDOV phases are successively reviewed in details hereafter (See figure 
2.1). DFSS can be indifferently applied to a product, a service or a process though for 
simplicity we shall be referring hereafter to a project or a product only. 
 
2.2.1 Identify and define opportunities 
 
At the end of this first stage, the team shall have determined clear requirements, 
which will guide its efforts throughout the next steps. The first part of this phase (i.e. 
identify the opportunities) basically consists in a few instruments so as to assess and 
justify the new product development. The project charter provides the objectives and 
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 Figure 2.1. The IDOV scheme and the associated tools 
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benefits that the project should bring to the company, the market opportunities, the fit 
with the strategic objectives of the organization, the reasons for doing the project now, 
the cons. The project plan goes further into details and encompasses a Work 
Breakdown Structure (WBS, i.e. a diagram or list of all the individual tasks that 
must be done to complete the project), a detailed schedule and budget, the staff and 
resources requirements. Finally a change-management plan and a risk management 
plan deal respectively with the communication to the employees/stakeholders (to 
ensure their commitment) and the potential failure risks (to develop a plan to address 
them). Tools are thus required for estimating the cost, the schedule, the risks, the scope 
and the teams involved. 
If one looks at the reasons for a project’s failure, this is usually related to 
stakeholders conflict (no consensus ever reached, no commitment, stakeholders not 
consulted and eventually not supportive of the initiative), vague requirements (project 
scope too large), unclear expectations, poor cost and schedule estimation, no planning, 
communication breakdowns between the different team involved, poor architecture 
(think ahead of unanticipated needs and business changes). As the step “Identifying the 
opportunities” may thus explain the difference between a project that is successful and 
one that fails, the IDOV approach requires a great emphasis on upfront interrogations 
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provides the expected time of the overall project and its variance. The Critical Path 
Method (CPM) based on an Activity Network Diagram (AND) addresses the 
critical path of the project, the optimal project schedule and the time/cost tradeoff 
if a linear cost function is assumed. A Gantt chart also shows the flow of all the 
tasks materialized by horizontal bars allowing for a convenient visual 
representation of the schedule (Wei et al., 2001, Elmaghraby et al., 2002). Usually 
this enables a mapping of the process as it “should be” and is very useful in terms 
of schedule and concurrent engineering. The main issue to address here would be 
the tradeoff between cost and time (Laslo, 2003). Still general cost functions need 
to be taken into account within the CPM approach. 
• To help in the risk management plan, the Risk ranking Delphi technique ranks the 
risks according to their probability, their severity and the management ability to 
cope with them (Chapman, 1998). Other risk analysis tables emphasize the 
exposure, which is simply defined as the product of the importance in terms of cost 
and the likelihood. 
• Change Acceleration Process (CAP) tools include a change management plan (with 
a stakeholders commitment scale), an In-and-Out-of scope that is aimed at defining 
the project scope through a simple approach, the SIPOC (Supplier, input, Product, 
Output and Customer) diagram that helps in defining the scope of the project as 
well as all the actors involved (Stamatis, 2001). 
 
The second part of this first phase – Define the opportunities - is concerned 
with the customer’s needs and expectations. It involves methodologies to capture the 
Voice of the Customer (i.e. identifying the expected clients, segmenting them, 
collecting data on their requirements), to translate it into Critical-to-Quality attributes 
  14
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
(i.e. the main project characteristics to meet the customer needs), prioritize them and 














Capture VoC CTQs Project risks
• Data collection 
process
• Kano model
• Affinity diagram, 
Cause & Effect 
diagram...




• Affinity diagram, 








• The Kano Model s
product will meet 
that the customer e
is essential to ide
customer is ready
necessarily think o
 Figure 2.3. First phase – Define the opportunitiescesses to identify the VoC are various: Customer segmentation, 
 (contextual inquiry, interviews, focus groups, surveys…), 
metimes used but take a lot of time because of legal issues and 
ty). 
uggests that not only is it important to make sure that the new 
the so-called “Dissatisfiers” (i.e. all the basic project features 
xpect to be present and will not pay extra money for), but also it 
ntify “Satisfiers” (i.e. characteristics less common which the 
 to pay for) and “Delighters” (i.e. the customer would not 
f it but would definitely pay a premium for). This model is 
 15
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
simple and does not take into account development risks. By adding a third 
dimension showing the evolution of these risks (expressed in terms of cost), this 
would allow to rapidly capture the “low hanging fruits” and then focus on the more 
troublesome elements. This can also be combined with the Quality Function 
Deployment (Matzler and Hinterhuber, 1998). 
• A lot of tools can be used to classify the customer expectations and make sure that 
the main ones have been identified: Affinity diagram, Cause&Effect diagram… 
• The Quality Function Deployment (QFD) is probably the most important and 
powerful tool for this step. Through a set of relationships this method allows one to 
translate customer needs’ weights into technical attributes’ prioritization. One of 
the main drawbacks of this method is that QFD is concerned with developing a 
new product better than the previous one or the concurrence however this may 
cost: in reality an overall budget is allocated for a project and limits the range of 
improvements suggested by this method. 
• The Critical-To-Quality (CTQ) risk matrix addresses the risk of not achieving the 
technical attribute targets in terms of technological complexity and impact on the 
end users. Again cost is absent of this table and does not influence the overall risk. 
 
2.2.2 Develop concepts 
 
At this stage, the NPD team focuses on selecting the most suitable design 
concept as per the requirements that have been previously identified and prioritized as 
well as budget and resource constraints. Once the different characteristics have been 
classified, several concepts are generated, evaluated and one of them is finally 
selected. Within the traditional scheme of New Product Development, this is the so-
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called “concept design” phase which ends up with an innovative and low-risk concept 













































• Simulation (finite element analysis, 
regression, Monte Carlo…)
• Hypothesis testing, DoE
 







 Figure 2.4. Second phase – develop the conceptell-established methods of brainstorming, assumption busting or 
 Theory of Inventive Problem Solving (TRIZ) encompasses a set 
 “systematically” managing and developing innovation. The 
irst to identify the problem, translate it from its specific context 
s, come up with generic solutions (TRIZ is based on the 
these solutions are already known) and finally bring these 
rs back into the practical context (Chowdhury, 2002). However 
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this method is not much used yet because it takes too much time for an added value 
negligible compared to other techniques. 
• The Design For Manufacturing and Assembly (DFM/A) approach emphasizes the 
ease of manufacture and assembly all through the concept design process 
(Edwards, 2002). For a product it involves simplifying and reducing the number of 
components, bringing down the time to assemble them and removing the chance of 
mistakes during this process. 
• The 3 following matrices (i.e. dealing with the components, the manufacturing 
processes and the quality tests) of the QFD framework can be used here to 
highlight the project aspects critical to the customer and make sure to focus on 
them during the concept generation stage. This is not used by companies, which 
find it too troublesome and lack cross-functionality cooperation (Griffin, 1992). 
• The Pugh Concept Selection Technique is useful in the selection of the most 
suitable design concept by comparing their features through a quantitative scoring 
(based on a matrix all characteristics of each concept are compared with a 
“standard” product). 
• The Analytic Hierarchic Process (AHP) may also help in choosing the best 
decision from a set of competing alternatives such as a range of concepts by 
decomposing complex systems into a hierarchy of simple elements which are then 
compared by pair (Saaty, 1980, Hsiao, 2002). 
• The Error Modes and Effects Analysis (EMEA) and Failure Modes and Effects 
Analysis (FMEA) are respectively aimed at identifying possible process mistakes 
and equipment failures: it helps in performing risk analysis. Both tools look for 
potential failure modes, their frequency/chances, their ease of detection and their 
consequence severity, estimate the risks and at last suggest actions to cope with 
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these risks. It provides a guideline for improving the process and allows one to 
monitor these enhancements (Stamatis, 1995). Again the cost impact is not 
assessed through these methods. 
• A cost-benefit analysis is systematically conducted all through the DOV phases. 
This is basically the calculation of the ratio of benefits derived from the project to 
the associated cost incurred. This guides appropriate decisions while keeping in 
mind that the project has to increase the company profitability. This can be used 
conjointly with simulation tools (finite element analysis, regression, Monte 
Carlo...). 
 
2.2.3 Optimize the design 
 
From the traditional scheme of New Product Development perspective, the 
team now moves on to the so-called “embodiment and detail design” phases of the 
concept previously selected. This stage deals with the key elements of the design, the 
partitioning of the work into the different teams, the cross-communication and finally 
the first tests. The first part of this phase is to develop the “embodiment design” while 
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• Risk management plan
• FMEA/EMEA
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• QFD
• Simulation (finite element analysis, 
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a cost benefit analys
variable process flow
• Hypothesis testing is 
• Quality engineering 
that it will be produ
purpose, Design of 
aiming at changing 
performance (Goh, 20
 Figure 2.5. Third phase – Optimize the designmming/modeling and simulation methods such as finite 
onte Carlo, correlation and regression (e.g. Multivariate 
Spine)… are essential in this phase, especially combined with 
is (financial part may be very complex), when considering 
s or processes with mix of different products. 
systematically used as an introduction for ANOVA and DoE. 
sets up the functional performance of a product and ensures 
ced economically and efficiently with high quality. For this 
Experiment (DoE) can be utilized as an active intervention 
the operation of a process, service or product for enhanced 
01, 2002). Approaches to DoE are various. Taguchi proposed 
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the popular framework named Robust Design based on parameter and tolerance 
designs. Parameter Design is a cost-effective methodology for setting optimum 
control factors through optimization techniques and design of experiments. It 
establishes nominal specifications or ideal functions (e.g. ideal dimension for the 
manufacturing process). Tolerance Design then defines permissible variations since 
the target value will not be achieved systematically. Taguchi method based this 
part on the so-called “signal-to-noise ratio” and Quality Loss Function (QLF). 
Since this function assesses the cost of functional variations, it helps in addressing 
the performance-cost trade-off by looking for the best combination target-variance 
(Taguchi, 1986). Another method for quality engineering, the dual response surface 
approach was developed so that simultaneously a quality feature attains its ideal 
target and its variability is minimized (Kim and Cho, 2002). 
• The scorecard is a communication tool, which allows one to present all the 
measures carried out on a system through an array and then to highlight the Z-
value of the process that has been assessed. Within the DFSS process it actually 
involves four sub-scorecards. The performance, parts, process and software sigma 
scorecards respectively assess how near the customer requirements, the number of 
defects of the critical parts, the number of defects of manufacturing processes and 
the number of defects in each step of the software development phase are from 
their respective target. This tool uses a few other methods such as the Total Defects 
Per Unit (TDPU), the Rolled Throughput Yield (RTY) or the process capability 
indexes. Through collection and analysis of most of the data (from all the 
perspectives, i.e. customer satisfaction, components quality, manufacturing 
process), this scorecard allows one to forecast the estimated performance of a 
design and to improve it accordingly and iteratively. 
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• The Design for six sigma Total Unit Cost (DTUC) method formulates the real cost 
of a product part including not only the purchase cost itself of the component but 
also manufacturing, redesigning, inventory… costs. By looking into all the costs 
associated with a project, this approach helps translating quality issues in financial 
terms, assessing the Cost Of Poor Quality (Rath & Strong, 2002). 
 
2.2.4 Verify the design 
 
Once a design has been implemented, the last stage of the IDOV scheme 






















• SPC (Shewhart Control 















 Figure 2.6. Fourth phase – Verify the designtem analysis combined both measurements of process 
and precision (variability): 
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¾ The Statistical Process Control (SPC) methodology allows one to monitor a 
process, to identify special causes of variation and to signal the need to take 
corrective action. This approach thus focuses on the output variations and 
attempts to link them to process conditions and variations. SPC relies on 
control charts (Run chart, X-bar, R chart, individual and moving range chart, p-
chart, c-chart). Based on the sample size and the percentage of out-of-control 
measures, Shewhart control charts allow one to assess a process capability and 
maintain its stability. But when approaching a five or six sigma level of quality 
(i.e. a very low level of Defects Per Million Opportunities), the size of the 
sample is requested to be too large for the concept of the control chart to be 
valid. Cumulative Count of Conforming (CCC) charts were thus introduced to 
address this drawback and fit into the DFSS framework (Goh, 2003). 
¾ When the response variable is not the same as the control variable, regression 
analysis can be used to assess Response-to-Control variable correlation. 
¾ As part of statistical process control approach, process capability indices (e.g. 
Cpk) have been developed in order to measure short-term process variability 
under statistical control. This allows one to monitor process shifts from a 
desired target value by detecting them and determine possible causes and 
potential remedial actions (Bothe, 2002). 
¾ Gage Reproducibility and Repeatability (GR&R) statistically isolates different 
types of variation including repeatability, reproducibility, residual or pure error 
and variations due to interaction effects. Lots of methodology may be carried 
out to perform a gage R&R such as the ANOVA method (Niles, 2003). 
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• In the domain of reliability, accelerated testing tools are various. Multiple 
Environment Over Stress (MEOST) testing consists in identifying the environment 
conditions and stresses that may lead to a product component’s failure and amplify 
them so as to accelerate the whole process and assess the outcome in a much 
shorter period of time than in reality. Prototype build-test-fix cycle may be 
conducted. In the Test to Bogey approach, a minimum acceptable level for an 
attribute performance is decided upon then a test is run on a few prototypes and the 
success of the design is determined according to the number of these prototypes 
that succeed. The Test to Failure method goes further and simply test each 
prototype until they actually fail. Functional Degradation Testing (FDT) combines 
the outcome of the two first tools, i.e. the measurement of the stamina and the 
performance simultaneously. Some work may be done on the reliability function to 
integrate other parameters such as cost. 
• A pilot production run is conducted for verifying the capability of the 
manufacturing/assembly process to deliver a product as per the norm of the 
prototype selected through the series of previous tests. 
• Once again the last matrix of the QFD process (i.e. dealing with the prioritization 
of the quality tests) could be used to suggest which parts of the project need extra 
attention in terms of quality according to the requirements raised by the customers. 
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Chapter 3 




In this chapter, QFD is first presented highlighting the principles and the 
benefits of this tool. An overview of the research works that have been carried out so 
far on the QFD process is then given. A special emphasis is put on the quantitative 
approaches, which have been previously developed and their specificity. 
 
3.1 QFD PHILOSOPHY AND METHODOLOGY: OVERVIEW 
 
As far as a NPD process is concerned, the previous chapter showed that DFSS 
emphasized a few essential practices. One of these was that companies must recognize 
the importance of listening to the Voice of Customers (VoC) as customer satisfaction 
is essential to remain or become profitable in today’s competitive marketplace. In 
order to capture customer’s needs and expectations, a wide array of market research 
tools and methodologies enables organizations to come up with a set of requirements 
expressed in the “customer language”. The gap with the “engineer language” needs 
then to be addressed. Responding to this need, the Quality Function Deployment 
(QFD) method turns out to be one of the most popular initiatives aimed at aligning 
customer’s needs and expectations with product design and development. 
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The concept was first developed in the late 60’s in Japan, successfully applied 
in a few companies such as Toyota, Ford, Xerox… through the 70’s and 80’s and 
finally formalized by Akao (1990). Since then many studies have been published to 
guide practitioners in the use of QFD while emphasizing the principles and benefits 
obtained throughout the NPD process with this method (Chan and Wu, 2002; Shillito, 
1994; Day, 1993; Cohen, 1995): 
• It conveys the VoC all through the stages of a NPD process (product 
characteristics, components, manufacturing process, final quality control tests): this 
ensures that the final product will meet or even exceed the customer’s needs and 
expectations; 
• It increases and benefits from improved communication and cross-functional 
teamwork: the people involved in the NPD activities such as marketing, design, 
manufacturing, purchasing… work together with common objectives; 
• It reduces the overall time-to-market and thus brings the design cost down by 
allowing the companies to simulate the effects of new design ideas and concepts; 
• It helps in planning the whole process; 
• It helps in “getting it right the first time” (i.e. with much less need for redesigning 
the product and the production processes) saving time, effort and money. 
 
As standardized by Akao, QFD basically involves a series of four flow-down 
matrices aiming at translating the customer’s needs and expectations to relevant targets 
and specifications for the product’s technical attributes, the product’s components, the 
manufacturing processes and the quality control tests. The VoC (formalized by a set of 
customer requirements coupled with their importance degree) are translated through 
the House of Quality into performance targets (formalized by a set of technical 
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attributes coupled with a weight). Following the same process, weights can be 
subsequently derived for the product components, the manufacturing processes and the 
production requirements. Since the outputs of any preceding matrix are used as the 
inputs of the following one (see figure 3.1), the four HoQs are accordingly linked and 
at each stage QFD helps to make sure that a company focuses on the right parameters 
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In this thesis the prima
been by far the most highligh
practitioners. Linking the custo
 Figure 3.1. The QFD process OF QUALITY 
ry focus will be on the first matrix (HoQ), which has 
ted, not only by the research literature but also by 
mer needs and expectations with the product features, it 
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stands somehow apart from the others since it is the only one to display the VoC 
explicitly. 
In the first place, the HoQ is a systematic and rational approach to linking the 
Customer Requirements (CRs) with the new product’s Technical Attributes (TAs). 
Through a set of relationships , the weights  of each CR are translated into 
weights  for the TAs. In addition the “roof” of inter-relationships enables 
to identify the correlations between the TAs and thus monitor the communication 
among the team in charge of the development of the different product features (Figure 
3.2). Moving on from this basis, some further developments were then introduced. 
Schmidt (1997) presented an “Integrated Concept Development” so as to combine 
market research within the QFD framework. Bearing in mind the empirical nature of 
all the inputs, Vanegas and Labib (2001) used fuzzy numbers to represent the weights 
 as well as the set of relationships  and Shen et al. (2000) examined the 
implementation of QFD under a fuzzy environment.  Park and Kim (1998) developed a 
new HoQ model with another modified set of relationships. Matzler and Hinterhuber 
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 Figure 3.2. The House of Qualitythis methodology is yet subjective and qualitative. The NPD 
pon all the parameters (whose the outcome highly relies 
 only suggests how much emphasis should be put on the 
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matic methodology can be used to determine targets, gaps 
ent to be carried out on each TA.  These studies consider the 
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 the TAs) subject to some resources constraints, usually the 
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Bode and Fung (1998) proposed a first simple linear formulation of the 
problem.  This takes into account the cost constraints and the correlations between the 








from the amount of resources ( ) allocated to the fulfillment of TAky k thanks to the 
correlation factor  between the TAs j and k). jkT
 
Maximize  ∑∑∑∑∑∑∑
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It also introduces the notion of primary cost (the total resources to commit to a TA in 
order to attain its target) and actual cost (the total resources to commit to a TA in order 
to attain its target but bearing in mind the relationships between TAs) with an actual 
cost sometimes inferior to the primary cost. Finally it ranks the TAs as per a resource 




w' . The solution of the LP model resembles that of a 
knapsack problem as it suggests to allocate the budget to the TA with the best ratio 
defined as a cost unit with the highest return in customer satisfaction until its target is 
fulfilled; and so on until the budget runs out. This thus arguably proposes to focus on 
some attributes and to completely give up on some others.  
 
 Askin and Dawson (1999, 2000) proposed another similar formulation except 
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iii UtL ≤≤   (Physical constraint) 
1≤≤ jSγ   (Minimum value for each CR) 
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pip Bxc i  (Production budget) / ∑ ≤
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DiD Bxc i  (R&D budget) 
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it , Target value for the TAi; 
ii UL , , Lower and upper feasible bounds of TAi. 
 
The real major difference with the latter model is that the relationships between 
CRs/TAs are not determined subjectively by the DM but assessed through a regression 
analysis (Montgomery and Peck, 1982). To do so, an assessment of competitors’ 
products as well as their TA values is required and performed (at least n+1, if n is the 
number of TAs). Compared with the subjective assessment of the coefficients of the 
matrix, the same optimal solution is eventually found but a sensitivity analysis showed 
that the solution is much less sensitive to a change in the value of the relationships: it 
means that in the case of a subjective assessment, a slight change in the coefficients 
will probably change the optimal solution and thus if the QFD team badly estimates 
the value of the relationships, the obtained solution will be likely to be quite different 
from the one obtained with more accurate relationships. This provides the tool with 
more reliability and objectiveness. 
It is also showed that the optimal solution is very different whether you take 
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Kim et al (2000) used the following formulation. 
 
Maximize ( )mrrV ,...,1   
(3.3)Subject to   (CRs derived from the TAs) ),...,( 1 nii rrfr =
),...,,,...,( 111 njjjj xxxxgx +−=   (Interdependence of the TAs) 
 
To cope with the highly subjective and variable nature of most QFD inputs compared 
to the objectiveness of the solution found with the mathematical optimization, they 
introduce fuzziness in the objective function ( )V~ , the coefficients of the functions 
( )if~  and ( )ig~ and the equality constraint (i.e. the customer satisfaction ( )S~ , the 
relationships coefficients ijR
~  and the correlation coefficients jkT
~ ). The resulting 
solutions suggested that with sufficient flexibility, a better and more realistic solution 
could be found. This model is basically one of the most elaborate in terms of fuzziness 
yet it does not take into account any cost, physical and other constraints.  
 
Recently, Fung et al (2002) introduced two interesting aspects. First by taking 
into account the relationships between the TAs, the notion of planned attainment ( ) 
for a TA linked to the actual attainment ( ) is at is developed as follows (it is actually 










kkjjj yTyTyx   ( 1=jjT  by definition) 
 
Then they consider the cost coefficients jc~  as fuzzy numbers given the imprecision in 
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achieve the target for TAj taking into account the influence from the other TAs. The 
following fuzzy cost constraint is thus used: 
 






















Through an asymmetric approach (considering ( )ojjpjj cccc ,,~ =  as a triangular fuzzy 
number), this constraint is switched into a crisp constraint and the optimization 
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* , Weight of TAj derived from the CR’s weights ( ) thanks to the 




α , Level determined by the decision maker. 
 
In a second paper, Tang et al (2002) developed a different formulation of the 
optimization problem as minimizing the cost with a minimum level of satisfaction for 
the Customer Attributes. 
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,...,2,1,1   (Realistic constraint) 
 
Combined with the first optimization model, they briefly address the issue of taking 
simultaneously into consideration the customer satisfaction and the cost (linked to the 
notion of enterprise satisfaction) and propose the idea of a balance between these two 
aspects. 
 
Usually the improvement direction of most these papers have been identical: to 
introduce more complexity so as to better accommodate complexity of a real 
environment. Similarly this research on QFD was guided by aspects such as 
subjectivity of some inputs, uncertainty, multiplicity in the criteria for decision-making 
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Chapter 4 
Trade-off analysis for Quality Function Deployment 
 
 
A new framework for QFD is here developed. Further to all the models 
presented in the previous chapter, a series of shortfalls is first raised. A new 
optimization model is then introduced and tested on the example of a digital camera. 
Using the Excel Solver (based on the Simplex algorithm), a sensitivity analysis is 
conducted to assess its robustness and a set of Pareto-optimal solutions in terms of 
customer satisfaction and cost is generated. An article based on this chapter has been 





In the previous chapter, the most recent works conducted over quantitative 
approach of the QFD process were presented and their specificity and benefits were 
highlighted. Nevertheless, there are some limitations in these methods. While the use 
of mathematical tools such as linear regression helps in reducing subjectivity, 
practitioners are keen to keep some control over the process and thus be responsible 
for some choices of required parameters. Moreover, they are reluctant to use a 
methodology, which is perceived to be too theoretical and too complicated. Here, we 
shall provide a spreadsheet-based approach to provide a simple interface and the 
features of “what-if” analysis. In addition, the above models treat resources and thus 
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budget as constraints. In reality, during development of a new product or service, the 
marginal return of investment and market share are very often some of the key 
considerations defying rigid resource constraints and a decision maker may want to 
minimize cost with an acceptable level of customer satisfaction. A trade-off between 
these two opposite goals still needs to be addressed. We shall also provide a general 
formulation from which a set of Pareto optimal solutions can easily be generated (see 
figure 4.1). It will list down all “equally good” alternatives rather than a supposedly 
optimal solution so as to reduce possible pitfalls resulting from the subjective nature of 
applying QFD. More importantly, these alternatives could provide a basis for further 
discussions and the eventual “best” design will depend on the subsequent matrices that 
look at part characteristics and the manufacturing processes. It is also noted that most 
of the above models are tested on very simple examples such as a pencil or a 
simplified car door whereas in reality products involve a lot more of CRs and TAs. 
This is why we shall introduce a new example of a digital camera whose complexity 

















Pareto of optimal solutions 
in terms of cost and 
customer satisfaction
n 
 Figure 4.1. Pareto-optimal solutions in terms of cost and customer satisfactio 36
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4.2 A MULTI-CRITERIA MATHEMATICAL MODEL 
 
Suppose that a cross-functional team has filled up the following items (see 
figure 4.2 for an illustration): 
• A set of CRs (from VoC) and TAs, the relationships  between both of them on a 
scale 0-1-3-9; 
ijR
• The direction of improvement for each Technical Attributes (“+” if Larger-The-
Better, “-“ if Smaller-The-Better or “o” if Nominal-The-Better) and a target  in 
the case of Nominal-The-Better; 
jt
• A weight  for each CR; jd
• A lower and upper physical limit (respectively and ) for each TA (e.g. the 
size of the pencil ranges from 10 to 20 centimeters); 
Lx Ux
• The values  of the current product’s TAs; 0jx
• The marginal cost  for each TA, which is the incremental cost needed to upgrade 
the TA value by one unit. 
jc
 
4.2.1 Technical Attributes 
 
For simplicity, each TA is for the time being considered as independent and 
therefore the “roof” of the HoQ is not needed.  
Unlike the qualitative customer needs, each TA is typically a quantitative 
measure related to the product performance. It follows that physical limits of a TA are 
well defined and we denote the lower limit by  and the upper limit by . By using 
the following transformation, we normalize the value of , , to a scale [0,1] with 
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The advantage of this representation is that it takes care of all types of inputs 
(Bourguignon and Massart, 1991). However the variables r and s are trickier as the 
shape of the desirability function depends on them. Two main scenarios are possible: 
• The TA values could be rather insensitive to the form of the desirability function 
itself and linearity is well-adapted; 
• The TA values have a more complex behavior and a non-linear desirability 
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Figure 4.2. Inputs for the House of Quality 
 
For the example of a STB desirability function (see the figure 4.3), if r=3, it means that 
as soon as the TA value becomes higher than the best value 1, it becomes much less 
desirable quickly; if r=0.3, it means on the contrary that anything less than 3 mg/cm2 
becomes quickly more desirable. Choosing a r-value is therefore in a way deciding 
how critical the deviation from the target value is and thus how much it has to be 
reduced to finally get the same level of overall customer satisfaction. Obviously this 
question is what QFD is all about and to answer it at this stage of the process is pre-
matured. Besides, as emphasized by Kim and Lin (2000), the process of selecting an 
admissible form is hard and time-consuming: for simplicity, a simple linear desirability 
function ( 1== tr ) seems here to be the most appropriate. 
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 the matrix of relationships  linking  and , the level of 
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e of the relationships  can be determined in many different ways. 
 Askin et al. (2000) for instance, a regression analysis could be carried 
is method requires a lot of data (all the more when the number of CRs 
es) since an assessment of competitors’ products as well as their TA 
ed (at least n+1, if n is the number of TAs); which is very time-
the other hand as already explained before, QFD practitioners are keen 
ver parameters. Vanegas et al. (2001) introduced fuzzy sets to capture 
ips. However, the definition of meaningful membership functions is 
 addressed in their paper yet) and eventually this methodology is likely 
ous and inaccurate. 
ijR
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 As highlighted by the analysis of successful QFD applications (Shina, 1994), 
some results may be surprising and insightful. Leaving some parameters up to the 
practitioner  (i.e. keeping things as straightforward as possible) is thus probably the 
best way to make sure that the decision maker will be able to go over the whole 
process again, try a few changes in the inputs and assess the outcome of these changes 
on the solution. That is the reason why the relationships  are eventually left up to 
the decision maker and simply chosen on the scale 0-1-3-9. In order to check that such 
a subjective choice is consistent with the use of a mathematical optimization, a 
sensitivity analysis will be performed. 
ijR
Finally the overall Customer Satisfaction is simply formulated as the linear sum 
of the contributions of each Customer Attributes ( )xSi  weighted by the importance 
level , which represents the weight for  from the customer point of view: id iCR
 




ii RdxSdxS  








Like the Customer Satisfaction defined previously, it is assumed that the 
overall cost is simply a sum of the costs committed to all the TA improvements. The 
coefficient  is introduced as the marginal cost for improving a TA by one unit. It is 
assumed that each cost granted to a TA is linear and directly proportional to . This 
cost is very likely to be the budget committed to a new product development, which 
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The expression of the overall cost is thus: 
 










*  (4.4) 
 
4.2.4 Optimization model 
 
After looking into the various possibilities for multi-objective optimization 
(Roy and Wallenius, 1991; Yang, 2000; Steuer, 1989; Ringuest, 1993; Coello Coello), 
it was decided to adopt a goal programming approach. We introduce the deviations  













=− δ  (4.5) 
 
The role of the prioritization coefficients  and  chosen by the decision maker is 
twofold. First they provide the means for decision makers to “tune” their preferences 
between the Customer Satisfaction and Cost target attainments. Second, as these two 
objectives are very different in terms of value, appropriate scaling is needed. Since the 
Customer Satisfaction range is 
SP CP
[ ]MaxS,0  (  is defined as the Customer Satisfaction 
without any cost constraint but only limited by the physical constraints of each TA) 
MaxS
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and the Cost range is [ ] (  is defined as the minimal cost to commit to reach 











PP =*  (4.6)
Substituting (2) and (4) into (5), a quadratic goal programming can be formulated: 





















∀ j, jUjjL xxx ≤≤  
This formulation is aimed at being as general as possible to include some of the 
previous models as special cases. A more detailed discussion can be found in Tang and 
Xu (2002). 
 
As an illustration, we could set =  and = 0 which is equivalent to 
maximize the customer satisfaction and minimize the cost (This will be applied to the 





















xc δ  
∀ j, jUjjL xxx ≤≤  
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To facilitate sensitivity analysis with the Excel Solver, we use a simplified 
linear program as follows: 

















xc δ  
∀ j, jUjjL xxx ≤≤  
 
In this case,  would always be negative and  positive. The constraints are 
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4.3 CASE STUDY ON A DIGITAL CAMERA 
 
4.3.1 Preliminary Inputs 
 
For this case study of a digital camera (strictly hypothetical), nine CRs and 
seventeen TAs have been identified. Figure 4.4 summarizes the associated directions 
of improvement (for simplicity, every TA is assumed to be either LTB or STB so that 
the linearity is still ensured), physical lower and upper limits, current TA values (based 
on some older products) and CR weights. This also shows the Excel interface used to 
enter all the inputs requested by the mathematical model introduced in the previous 
section. 
The matrix of the relationships between the CRs and the TAs is first 
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4.3.2 Generation of a set of Pareto-optimal solutions 
 
The programs in (4.7) and (4.8) allow one to obtain a set of Pareto-optimal 
solutions in terms of customer satisfaction and cost. Given the previous normalization, 
 is simply the sum of the weights associated to each CR, i.e. 31. On the other hand 
the Excel Solver is run a first time to calculate  with 
MaxS
MaxC 0=CP  (this removes the cost 
constraint): in this case a maximum Customer Satisfaction is reached with a budget of 









PP =  
Convex combinations of the weights  and  are then generated 
( 1 ) using Visual Basic. Figure 4.5 shows the Pareto front generated by 
running the Excel Solver several times (the customer satisfaction is actually here the 















 Figure 4.5. Set of 50 Pareto-optimal solutions for the digital camer 47
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4.3.3 Sensitivity Analysis 
 
We now generate a single solution while assigning the same weights to the 




1* =SP  and 765,12
1* =CP . Table 4.1 and 4.2 summarize the results obtained 
with the Excel Solver: 
Table 4.1: TA evolutions with the new model 









Dimensions (cm3) 133 133 - 120 700 
Weight without battery (g) 180 180 - 50 500 
Resolution (Mpix) 3 6 + 1 6 
Colors restitution (quality on a scale [0,10]) 8.9 10 + 1 10 
Auto focus speed (s) 0.9 0.5 - 0.5 2 
Flash features (intensity*repartition) 6.5 10 + 1 10 
Availability (s) 3 1 - 1 6 
Manual features (number of possible adjustments) 2 5 + 0 5 
Special features (number of functions) 4 10 + 0 10 
Optical zoom power (x) 3 6 + 0 6 
LCD screen size (inch) 1 2 + 0.5 2 
Battery life (number of pictures) 400 400 + 100 1,000 
Number of external connections 3 5 + 1 5 
Included software type ($) 200 400 + 100 400 
Reliability in months (MTTF) 12 24 + 3 24 
Memory type ($/octet) 1.2 2 + 1 2 
Initial memory card size (Mo) 16 16 + 8 64 
 
Table 4.2: Solution to the new model 
CMax 12,765 
SMax 31 




With the same weights associated to the maximization of the customer 
satisfaction and the minimization of the cost, the best trade-off is to spend 8.9% of 
 to increase the customer satisfaction by 72.3% and bring it from a current 50.9% MaxC
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to 87.7% of the theoretical . It also turns out that as soon as it is worth modifying 
a Technical Attribute (there are actually 13 “basics” variables, i.e. TAs whose value 
has been modified), it is improved up to the upper or lower physical limit. We shall see 
in the next chapter the practical implication of this result. 
MaxS
 To judge the efficiency of this model and make sure that for this overall 
allocated cost the customer satisfaction is optimal, we compare these results with the 















∀ j, jUjjL xxx ≤≤  
 
Table 4.3 and 4.4 summarize the results generated again with the Excel Solver. 
It turns out that the two solutions are exactly identical. It confirms that our model has 
generated a Pareto-optimal solution in terms of the two parameters, the customer 
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Table 4.3: TA evolutions with the traditional model 









Dimensions (cm3) 133 133 - 120 700 
Weight without battery (g) 180 180 - 50 500 
Resolution (Mpix) 3 6 + 1 6 
Colors restitution (quality on a scale [0,10]) 8.9 10 + 1 10 
Auto focus speed (s) 0.9 0.5 - 0.5 2 
Flash features (intensity*repartition) 6.5 10 + 1 10 
Availability (s) 3 1 - 1 6 
Manual features (number of possible adjustments) 2 5 + 0 5 
Special features (number of functions) 4 10 + 0 10 
Optical zoom power (x) 3 6 + 0 6 
LCD screen size (inch) 1 2 + 0.5 2 
Battery life (number of pictures) 400 400 + 100 1,000
Number of external connections 3 5 + 1 5 
Included software type ($) 200 400 + 100 400 
Reliability in months (MTTF) 12 24 + 3 24 
Memory type ($/octet) 1.2 2 + 1 2 
Initial memory card size (Mo) 16 16 + 8 64 
 
Table 4.4: Solution to the traditional model 
CMax 12,765 
SMax 31 




In what follows, a sensitivity analysis is conducted to check whether the 
solution is sensitive to the values of the parameters. 
 
4.3.3.1 The marginal cost  kc
As the optimization model has been simplified so that it has a linear 
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Table 4.5: Sensitivity report for the coefficients of the objective function’s 
variables 









Dimensions (cm3) 133 0 -0.000658954 0.000658954 1E+30 
Weight without battery (g) 180 0 -0.000718594 0.000718594 1E+30 
Resolution (Mpix) 6 0 -0.017109244 0.017109244 1E+30 
Colors restitution (quality on a scale [0,10]) 10 0 -0.005937069 0.005937069 1E+30 
Auto focus speed (s) 0.5 0 0.042949504 1E+30 0.042949504
Flash features (intensity*repartition) 10 0 -0.002131428 0.002131428 1E+30 
Availability (s) 1 0 0.012649843 1E+30 0.012649843
Manual features (number of possible adjustments) 5 0 -0.010237837 0.010237837 1E+30 
Special features (number of functions) 10 0 -0.001613147 0.001613147 1E+30 
Optical zoom power (x) 6 0 -0.009143285 0.009143285 1E+30 
LCD screen size (inch) 2 0 -0.023545953 0.023545953 1E+30 
Battery life (number of pictures) 400 0 0.000305533 1E+30 0.000305533
Number of external connections 5 0 -0.00950568 0.00950568 1E+30 
Included software type ($) 400 0 -7.90956E-05 7.90956E-05 1E+30 
Reliability in months (MTTF) 24 0 -0.002580743 0.002580743 1E+30 
Memory type ($/octet) 2 0 -0.028420268 0.028420268 1E+30 
Initial memory card size (Mo) 16 0 0.010477076 1E+30 0.010477076
 
Note that the coefficients ( )naaa ,...,, 21  of the objective function’s variables 
 are given by the following expression derived from formula (4.8): ( nxxx ,...,, 21 )
 




































Holding everything constant except the marginal cost  in the expression of , a 
sensitivity analysis for the marginal costs is derived from the Excel Solver sensitivity 
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Table 4.6: Sensitivity analysis for the marginal costs 







Dimensions (cm3) Non-basic variable 10 1.882 +∞ 
Weight without battery (g) Non-basic variable 10 0.827 +∞ 
Resolution (Mpix) Basic variable 15 -∞ 233.408 
Colors restitution (quality on a scale [0,10]) Basic variable 10 -∞ 85.790 
Auto focus speed (s) Basic variable 40 -∞ 588.272 
Flash features (intensity*repartition) Basic variable 5 -∞ 38.520 
Availability (s) Basic variable 15 -∞ 176.482 
Manual features (number of possible adjustments) Basic variable 30 -∞ 121.743 
Special features (number of functions) Basic variable 50 -∞ 51.119 
Optical zoom power (x) Basic variable 50 -∞ 155.9 
LCD screen size (inch) Basic variable 10 -∞ 310.576 
Battery life (number of pictures) Non-basic variable 5 1.1 +∞ 
Number of external connections Basic variable 5 -∞ 168.944 
Included software type ($) Basic variable 1 -∞ 2.01 
Reliability in months (MTTF) Basic variable 20 -∞ 52.944 
Memory type ($/octet) Basic variable 20 -∞ 439.598 
Initial memory card size (Mo) Non-basic variable 150 16.255 +∞ 
 
For the basic variables, the Upper Limit provides the value above which the 
optimum solution will change; on the contrary for the non-basic variables, the Lower 
Limit shows the value under which the optimum solution will change and the variable 
will become basic. With a variation from –50% to 50% of the initial marginal cost’s 
value, the current basis will remain optimal and therefore the optimum solution is not 
sensitive to a variation of this parameter (i.e. practically an error in the decision 
maker’s assessment). This also suggests that there would be no need to introduce 
fuzziness. 
 
4.3.3.2 The relationships  ijR
By using the same process as previously, we study the sensitivity analysis for 
the non-null coefficients of the CR “Compact design (Small and light)”: 
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Table 4.7: Sensitivity analysis for the relationships CR/TA 









R11 Non-basic variable 9 0.500 -4.495E+33 3.461998984 
R12 Non-basic variable 3 0.167 -3.4875E+33 2.672762369 
R13 Basic variable 1 0.056 -0.607427645 3.875E+31 
R110 Basic variable 1 0.056 -0.369607195 4.65E+31 
R111 Basic variable 1 0.056 -0.218166151 1.1625E+31 
R112 Non-basic variable 3 0.167 -6.975E+33 2.297762369 
 
When a coefficient is normalized, its value is included in the interval [0,1], 
which means that only values between 0 and 1 are relevant and all the others simply 
can be replaced by +/-∞. From Table 4.7, it is clear that the optimal solution is not 
sensitive to  a change in one of the relationships . However, it does not imply that if 
a few relationships are modified the current basis will remain optimal. Nevertheless, 
with the current formulation, if some changes are made, the impact of these 
modifications can be assessed. 
ijR
 
4.3.3.3 The lower and upper physical limits for the Technical Attributes 
Again through the same methodology, we investigate the sensitivity analysis 
for the upper and lower physical limits of the TAs; this is summarized respectively in 
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Table 4.8: Sensitivity analysis for the upper physical limit 









Dimensions (cm3) Non-basic variable 700 120 212.1 - 
Weight without battery (g) Non-basic variable 500 50 87.2 - 
Resolution (Mpix) Basic variable 6 1 78.8 + 
Colors restitution (quality on a scale [0,10]) Basic variable 10 1 78.2 + 
Auto focus speed (s) Basic variable 2 0.5 22.6 - 
Flash features (intensity*repartition) Basic variable 10 1 59.0 + 
Availability (s) Basic variable 6 1 59.8 - 
Manual features (number of possible adjustments) Basic variable 5 0 26.8 + 
Special features (number of functions) Basic variable 10 0 14.1 + 
Optical zoom power (x) Basic variable 6 0 20.0 + 
LCD screen size (inch) Basic variable 2 0.5 47.1 + 
Battery life (number of pictures) Non-basic variable 1,000 100 297.9 + 
Number of external connections Basic variable 5 1 102.1 + 
Included software type ($) Basic variable 400 100 702.9 + 
Reliability in months (MTTF) Basic variable 24 3 58.6 + 
Memory type ($/octet) Basic variable 2 1 20.1 + 
Initial memory card size (Mo) Non-basic variable 64 8 14.1 + 
 
Table 4.8 first shows that the constraint that the upper physical limit is always 
larger than the lower physical limit is satisfied. For the basic variables, the Upper 
Limit is the value above which the variable will become non-basic. Under this value in 
the case LTB, the associated TA will be improved up to the new upper physical limit. 
For the non-basic variables, it gives a value lower than the current one and up to which 
the optimal solution will not change; under this value the variable will become basic. 
Similarly, Table 4.9 first indicates that the lower physical limit is always lower than 
the upper physical limit. For the basic variables, the Lower Limit is the value under 
which the solution would not be optimal anymore; but it turns out that the lower 
physical limit could always be brought down to zero, which means that the optimal 
solution is not sensitive to this parameter at all. For the non-basic variables, it gives a 
value lower than the current one and up to which the optimal solution will not change; 
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Table 4.9: Sensitivity analysis for the lower physical limit 









Dimensions (cm3) Non-basic variable 120 607.9 700 - 
Weight without battery (g) Non-basic variable 50 462.8 500 - 
Resolution (Mpix) Basic variable 1 0 6 + 
Colors restitution (quality on a scale [0,10]) Basic variable 1 0 10 + 
Auto focus speed (s) Basic variable 0.5 0 2 - 
Flash features (intensity*repartition) Basic variable 1 0 10 + 
Availability (s) Basic variable 1 0 6 - 
Manual features (number of possible adjustments) Basic variable 0 0 5 + 
Special features (number of functions) Basic variable 0 0 10 + 
Optical zoom power (x) Basic variable 0 0 6 + 
LCD screen size (inch) Basic variable 0.5 0 2 + 
Battery life (number of pictures) Non-basic variable 100 802.1 1,000 + 
Number of external connections Basic variable 1 0 5 + 
Included software type ($) Basic variable 100 0 400 + 
Reliability in months (MTTF) Basic variable 3 0 24 + 
Memory type ($/octet) Basic variable 1 0 2 + 
Initial memory card size (Mo) Non-basic variable 8 57.9 64 + 
 
As per the sensitivity analysis of the lower and upper physical TA limits, it 
seems that any variation would have negligible effect on the optimal solution. This 
result is important as all these values may not be the true constraints and yet the 
desirability function entirely relies on them. 
 
 As a conclusion of this section on the sensitivity analysis, the case under 
consideration happens to be rather robust in the sense that the optimal solution is not 
sensitive to changes in the input parameters. If a decision maker makes a mistake or 
wants to change the value of a unit cost, a relationship or a physical limit, it will not 
have a radical impact on the solution. Given the subjectivity of the parameters which 
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Chapter 5 





In the previous chapter, the optimization model had voluntarily been simplified 
so as to use the Excel Solver and it sensitivity analysis potential. In this process a 
number of factors were therefore overlooked and yet they need to be addressed. For 
simplicity, the correlation between TAs had not previously been taken into account and 
TA improvement directions had been reduced to Larger-The-Better or Smaller-The-
Better cases. Here, the “roof” of the first HoQ shall be considered and all the 
improvement directions (including Nominal-The-Better) shall be represented. On the 
other hand the improvement cost functions have always been assumed to be linear (as 
in section 4.2.3) and the TAs have been considered to take all the possible values of 
the interval delimited by a lower and upper physical limit. It is not always true in 
practice. In order to accommodate various practical situations, we shall here introduce 
more complex cost functions than the traditional linear ones (e.g. simple step functions 
or discontinuous functions characterized by segments) and TAs taking discrete values. 
Sticking to the benefits already demonstrated, the QFD framework previously 
introduced is thus developed one step further in this chapter. Still the whole scheme 
remains simple enough to be implemented using a spreadsheet interface with 
MATLABTM. The same Excel interface is used as before but instead of relying on the 
Excel Solver to find a solution to the optimization model, we switched to MATLABTM, 
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which happens to be more efficient in this new case. For illustration purpose, the 
illustration of a digital camera will be used again. 
 
5.2 A COST MODEL 
 
Once again a cross-functional team is supposed to fill up the following items: 
• The sets of CRs and TAs, the relationships  between both of them on a scale 0-
1-3-9 and the “roof” (i.e. the inter-relationships  between the TAs on a scale -9/-
3/-1/0 if negative and 0/1/3/9 if positive); 
ijR
jkT
• The direction of improvement for each Technical Attributes (“+” if Larger-The-
Better, “-“ if Smaller-The-Better or “o” if Nominal-The-Better) and a target  in 
the case of Nominal-The-Better; 
jt
• A weight  for each CR; jd
• A lower and upper physical limit (respectively and ) for each TA (e.g. the 
size of the pencil ranges from 10 to 20 centimeters); 
Lx Ux
• The values  of the current product’s TAs; 0jx
 
5.2.1 Technical Attributes 
 
As seen previously, physical limits of a TA are well defined and we denote the 
lower limit by  and the upper limit by . A practical issue to address is the 
continuity of , which had been overlooked so far. In many real cases, the TAs 
cannot reasonably take all the values in the interval 
Lx Ux
jx
[ ]UL xx ,  but are discrete variables. 
For instance, in the case of the digital camera, the “number of external connections” 
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will take only integer values in the interval [1,5]. In the previous framework we used 
the Excel Solver to simply find an optimal solution. But given the poor performance of 
this method as soon as the formulation becomes rather complicated (especially non-
linearity formulation and discontinuous variables) MATLABTM will now be used to 
solve the mathematical model (The Excel solver and MATLABTM are respectively 
based on the Generalised Reduced Gradient and Sequential Quadratic Programming). 
However this tool is not set up to tackle optimization problems with discontinuous 
variables either and the following scheme has thus been implemented: first we solve 
the problem with continuous variables, then we round each of the discrete variables 
either up or down so as to end up with a series of combinations derived from the 
optimum solution and finally we pick up the best one according to the objective 
function. Alternatively given that the number of discrete variables and their feasible 
values are concretely quite limited, we could have considered all these variables as 
constants and solve the problem as many times as the total number of different 
combinations and at the end keep the best solution. 
Since all the variables are continuous, the desirability functions introduced 
previously are still used to normalize to a scale [0,1] with 1 representing a total 
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We now take into consideration the relationships between the TAs through the 
“roof” of the HoQ. The notion of planned attainment ( ) for a TA linked to the actual 











kjj TTy   ( 1=jjT  by definition) (5.2)
 
As per this definition the actual attainment for a TA is the sum of the planned 
attainment and the attainments of the other TAs weighted by the correlation 
coefficients. Since , it thus means that  could be under 0 or higher than 1. 
To avoid such a situation, we add up the constraint 
10 ≤≤ jx jy
10 ≤≤ jy  (∀j). 
 
5.2.2 Customer Satisfaction 
 
Through the matrix of relationships  linking  and , the level of 
satisfaction is expressed as a linear function of the degree of target attainment  as 













The overall customer satisfaction is still formulated as the linear sum of the 
contributions of each Customer Attributes ( )xSi  weighted by the importance level : id
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Traditionally it is assumed that the overall cost is simply a sum of the costs 
committed to all the TA improvements. As it was done in the previous chapter, the 
coefficient  is introduced as the marginal cost for improving a TA by one unit and it 
is assumed that each cost 
kc
( )xC j  granted to a TA is linear and directly proportional to 
. kc
 However this representation turns out to be in many cases rather unrealistic. 
For some TAs, the cost of improvement is not simply a linear function of the degree of 
improvement as defined by formula 5. In the case LTB for instance, all the 




Basically instead of using a
really assessed by a com
performance and these know
3) or with flat steps (third g
 Figure 5.1. Step-functions for the cost marginal cost of improvement, which concretely cannot be 
pany, costs are associated to different levels of TA 
n points are linked either linearly (second graph in figure 
raph in figure 3). The practitioners can easily enter all the 
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parameters characterizing the whole cost function for each TA by defining a series of 
intervals or segments. Besides this new approach allows one to settle the issue of 
discrete variables. In the example of the “number of external connections”,  is thus 
set up as a continuous variable which is rounded at the end and the improvement cost 
















Figure 5.1. Cost step function for the TA “number of external connections” 
 












































Here is eventually the expression of the overall cost: 












TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
5.2.4 Optimization model 
 
In order to address the trade-off issue between the customer satisfaction and the 
cost as defined in the two previous sections, we introduce the deviations  and  
respectively from a Cost target  and a Customer Satisfaction target  as follows: 
Sδ Cδ
*C *S
 ( ) ** * SPxS SS =− δ  with   MaxSS SPP ** =
( ) ** * CPxC CC =− δ  with  MaxCC CPP ** =
(5.7)
 
The formulation was slightly changed compared to the previous chapter. It turned out 
that MATLABTM was rather sensitive to the choice of the prioritization coefficients 
and was sometimes unable to reach a solution. This way to define  and  happened 
to be more effective and convenient when carefully choosing these coefficients.  
SP CP
The formulation of the optimization problem is here: 














∀ j, jUjjL xxx ≤≤  
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5.2.5 Comparison using the traditional illustration of a pencil 
 
 
 In order to assess the performance of the new model, we shall here compare the 
results reached for the optimization of the features of a pencil (strictly hypothetical 
example taken from the literature) with the ones obtained by Fung et al. (2002) and 
Tang et al. (2002). Their respective models were introduced and briefly described in 
chapter 3 of this thesis. Figure 5.2 summarizes all the common inputs, which are to be 

































































Unlike the illustration of a digital camera in the previous chapter, the CR weights are 
normalized and each TA assumes normalized values on [0,1] starting from an initial 
null value (practically it could be interpreted as the design of a new pencil from scratch 
rather than from an existing product). As parameters of our model,  and  need 
to be first determined. The Excel Macro using MATLAB
MaxC MaxS
TM is run with  so as to 




576.22=MaxS  (This match with the previous results of Fung et al.).  is 
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Figure 5.2. HoQ for a pencil 
 
 
Fung et al.’s work (Case 1 in Table 5.1) is associated with the traditional 
maximization of the customer satisfaction under cost constraint assuming fuzzy 
variables. The maximum budget is set to the value 15. The following choice of 
parameters is made for our model (Model 1 in Table 5.2) so as to set equivalent targets 
and constraints and make the comparison possible: 
•  is assigned the value 15; *C
• Since 15 is an upper cost constraint for Fung et al., we need to emphasize the cost 
objective so as to ensure that the budget of the solution will be as close as possible 
to this value. We shall thus assign respectively the values 1 and 0.01 to  and ; SP CP
• A new constraint on each actual TA value 45.0≥∑
k
kjT  is added. 
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Tang et al.’s work (Case 2 in Table 5.1) is more complex and addresses the trade-off 
between customer and enterprise interests. An optimum solution is found for a level of 
both satisfactions equal to 0.566. The enterprise satisfaction is linked to the deviation 
from a target cost  and the best balance is thus associated with a budget of 
approximately 12.1. Once again in order to make c comparison possible, two 
alternatives for the choice of our model’s parameters are considered. Model 2 is 
similar to model 1 except that  is set at 12.1. Model 2
100 =C
*C ’ only keeps the constraint 
 and set respectively ,  and  to 0, 1 and 1. This should generate 
an equally balanced solution in terms of customer satisfaction and cost targets 





Table 5.1: Comparison of results for the pencil 
 Case 1 Case 2 
 Fung et al. Our model 1 Tang et al. Our model 2 Our model 2’
TA1 0.45 0.45 0.469 0.45 0.45 
TA2 0.514 0.25 0.471 0.278 0.291 
TA3 0.61 0.714 0.396 0.951 0.948 
TA4 0.503 1 0.597 0.56 1 
TA5 0.61 0.489 0.399 0 0.007 
CS 0.806 0.862 0.566 0.652 0.762 
Cost 14.999 15 12.1 12.1 13.444 
 
 The final level of customer satisfaction and cost for model 1 and 2 are 
respectively rather close to the values obtained by Fung et al. and Tang et al. The 
small discrepancies are easily explained by the use of fuzzy numbers to define the cost 
function in these two research works. On the other hand, the repartition of efforts on 
the different TAs is very different. Apparently for the same budget, our suggestion for 
the set of TA values seems more effective as it induces a higher level of customer 
satisfaction. It also turns out that their final TA values are much more homogeneous. 
Given the non-negligible subjectivity of the outcomes, we feel that more 
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heterogeneous results ensure straightforward and non-misleading interpretations. For 
instance, Fung et al. suggest that TA2 must be more emphasized that TA4 and TA1 
although the gap (respectively 0.514, 0.503 and 0.45) may not be significant enough.  
Finally model 2’ suggests a solution substantially different from the one reached by 
Tang et al. This is due to the very different techniques used to address the trade-off 
between the customer satisfaction and cost objectives. Yet by generating a set of 
Pareto-optimal alternatives, our framework shall encompass all these solutions with 
only a few discrepancies being explained by different approaches (i.e. fuzzy or crisp, 
linear or discontinuous cost functions…). 
 
5.3 CASE STUDY ON A DIGITAL CAMERA 
 
5.3.1 Preliminary inputs 
 
In order to test all the new concepts that have been introduced previously, a few 
TAs have been chosen with discrete possible values and a few ones have been taken 
with a non-linear cost function. Again all the inputs for this illustration are strictly 
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Table 5.2: Description of the TAs 
TA Name Nature of variable Set of values TA Type Cost coefficients 
Marginal 
cost * 
Dimensions (cm3) Continuous - STB 10 10 
Weight without battery (g) Continuous - STB 10 10 
Resolution (Mpix) Continuous - NTB = 4 15 15 
Colors restitution (quality on a scale [0,10]) Continuous - LTB 10 10 
Auto focus speed (s) Continuous - STB 40 <-> [0.8,2] 60 <-> [0.5,0.8] 50 
Flash features (intensity*repartition) Continuous - LTB 5 5 
Availability (s) Continuous - STB 15 15 
Manual features (number of possible adjustments) Discrete 0,1,2,3,4,5 LTB 0,20,30,62,78,100 20 
Special features (number of functions) Discrete 0,1,…,9,10 LTB 0,50,100,…,500 50 
Optical zoom power (x) Discrete 0,1,2,3,4,5,6 NTB = 4 0,70,140,…,420 70 
LCD screen size (inch) Continuous - NTB = 1.2 10 10 
Battery life (number of pictures) Continuous - LTB 5 5 
Number of external connections Discrete 1,2,3,4,5 LTB 5,7,15,21,23 5 
Included software type ($) Continuous - LTB 1 1 
Reliability in months (MTTF) Continuous - LTB 20 20 
Memory type ($/octet) Continuous - LTB 20 20 
Initial memory card size (Mo) Discrete 8,16,32,64 NTB = 32 75,150,350,900  13 
* The marginal cost will be used to solve other models and compare the results with the one 
we introduced. It has been chosen to match as much as possible with the more complex cost 
functions. 
 
Figure 5.4 and 5.5 show both Excel spreadsheets used to enable the 
practitioners to enter all the required inputs as easily and simply as possible. The first 
one is used for the traditional parameters such as the CRs, TAs and relationships. The 
second one is exclusively concerned with the definition of the cost functions associated 
to each TA and at the same time the declaration of the only possible discrete values 
when required for some of them. Illustrations for a discontinuous function 
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 Figure 5.4. HoQ in the case study of a digital camer 68
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Figure 5.5. Definition of the cost functions 
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As to the interrelationships between the TAs, we assign the value 18 to  
(twice as much as the strongest possible correlation) to emphasize the fact that 
obviously the TA, which has the most influence on , is  itself. We then 
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For the time being the same weight is assigned to the Customer Satisfaction 
and Cost target achievements: 5.0=SP  and 5.0=CP . Besides we choose =  
and = 0 so that we maximize the customer satisfaction and minimize the cost 
and the results will be easier to compare with those obtained with a traditional 
scheme. The Excel Macro (in Visual Basic) using MATLAB
*S MaxS
*C
TM is run a first time to 
calculate  and  with MaxS MaxC 0≈SP : in this case a maximal Customer Satisfaction of 
28.96 is obtained with a budget of 4,876. If we compare with the values = 31 and 
= 12,765 obtained without taking into account the “roof” of the HoQ (in the 
previous chapter), the negative correlations explain that the set of TA values (1,1,…,1) 
is not the best one and therefore it is not possible to satisfy completely each of the 
CRs. At the same time the overall improvement cost is lower since some TAs are not 
upgraded up to the best feasible value. Finally here is the value of the prioritization 
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5.3.2 The solution 
 
Table 5.3 and 5.4 summarize the results obtained with MATLABTM: 
Table 5.3: TA evolutions 









Dimensions (cm3) 133 133 - 120 700 
Weight without battery (g) 180 180 - 50 500 
Resolution (Mpix) 3 4 O (4) 1 6 
Colors restitution (quality on a scale [0,10]) 8.9 10 + 1 10 
Auto focus speed (s) 0.9 0.5 - 0.5 2 
Flash features (intensity*repartition) 6.5 7 + 1 10 
Availability (s) 3 1 - 1 6 
Manual features (number of possible adjustments) 2 5 + 0 5 
Special features (number of functions) 4 5 + 0 10 
Optical zoom power (x) 3 4 O (4) 0 6 
LCD screen size (inch) 1 1.2 O (1.2) 0.5 2 
Battery life (number of pictures) 400 400 + 100 1,000
Number of external connections 3 5 + 1 5 
Included software type ($) 200 200 + 100 400 
Reliability in months (MTTF) 12 12.8 + 3 24 
Memory type ($/octet) 1.2 2 + 1 2 
Initial memory card size (Mo) 16 32 O (32) 8 64 
 
Table 5.4: Solution to the new model 
CMax 4,783 
SMax 28.96 




The best trade-off reached with the same weights associated to the 
maximization of the customer satisfaction and the minimization of the cost is to spend 
11% of  to increase the customer satisfaction by 42.2% and bring it from a current 
58% to 82.6% of the theoretical . Previously the simpler model had advised to 
spend 8.9% of  (1,135) to increase the customer satisfaction by 72.3% and bring it 
from a current 50.9% to 87.7% of  (27.19). Taking into account the correlations 
between some of the TAs, the best trade-off is here to spend less money and 
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Besides it turns out again that as soon as it is worth modifying a TA (there are actually 
13 “basics” variables, i.e. TAs whose value has been modified), it is either left nearly 
at the same value as the initial one or totally improved up to the upper, lower physical 
limit or the target. It suggests features that need to be enhanced drastically and those 
that are best to be left unchanged. For the practitioners (i.e. design engineers) the 
outcome thus provides a clear guideline of the technological gaps that should be 
adressed so as to reach a certain level of customer satisfaction for an associated level 
of cost. 
 
Then in order to judge the performance of this model, the previous results are 
compared with the ones obtained with three other approaches. The first one (model 2) 
is based on the same optimization model (formula 5.8) but uses simple linear cost 
functions with the marginal cost given in table 5.1. The second and third approaches 
(respectively model 3 and 4) are based on the traditional optimization model defined in 
formula 5.9, using respectively the more complex cost functions and  = 524 or the 

















∀ j, jUjjL xxx ≤≤  
 
Table 5.5 and 5.6 summarize all the results. The comparison between the 
solution of the new model and that of the second one which are rather similar confirms 
that the complexity which has been added up by the discontinuous cost functions do 
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not undermine the search of an optimal solution through MATLABTM. It also justifies 
the switch from the Excel Solver, which was unable to reach a solution with the 
complexity introduced by the new model. Moreover it is practically quite simple for 
the practitioners to enter all the characteristics of those functions while enabling them 
to stick to the real nature of most of the TAs more efficiently. The whole model also 
remains flexible since the design engineer can choose the level of complexity he 
wishes to introduce so as to fit the real situation he must cope with. The solutions 
generated with the models 3 and 4 confirm that our model has generated a Pareto-
optimal solution in terms of the two parameters (i.e. the customer satisfaction and the 
cost) and that the results provided by MATLABTM are robust indeed. 
Table 5.5 Comparison of the results for the TA values 















Dimensions (cm3) 133 - 120 700 133 133 133 133 
Weight without battery (g) 180 - 50 500 180 180 180 180 
Resolution (Mpix) 3 O (4) 1 6 4 4 4 4 
Colors restitution (quality on a scale [0,10]) 8.9 + 1 10 10 10 10 10 
Auto focus speed (s) 0.9 - 0.5 2 0.5 0.5 0.5 0.5 
Flash features (intensity*repartition) 6.5 + 1 10 7 7 6.8 7.9 
Availability (s) 3 - 1 6 1 1 1 1 
Manual features (number of possible adjustments) 2 + 0 5 5 5 5 5 
Special features (number of functions) 4 + 0 10 5 5 5 8 
Optical zoom power (x) 3 O (4) 0 6 4 4 4 4 
LCD screen size (inch) 1 O (1.2) 0.5 2 1.2 1.2 1.1 1.2 
Battery life (number of pictures) 400 + 100 1,000 400 400 400 400 
Number of external connections 3 + 1 5 5 5 5 5 
Included software type ($) 200 + 100 400 200 200 200 200 
Reliability in months (MTTF) 12 + 3 24 12.8 12.8 12.6 14.8
Memory type ($/octet) 1.2 + 1 2 2 2 2 2 
Initial memory card size (Mo) 16 O (32) 8 64 32 32 32 16 
 
 
Table 5.6 Comparison of the results for the Cost and the Customer Satisfaction 
 New model Model 2 Model 3 Model 4 
CMax 4,783 4,783 4,783 4,783 
SMax 28.96 28.96 28.96 28.96 
Initial S 16.82 16.82 16.82 16.82 
C 524 508 519 503 
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5.3.3 Generation of a set of Pareto-optimal solutions 
 
The program in 5.8 allows one to obtain a set of Pareto-optimal solutions in 
terms of customer satisfaction and cost using convex combinations of the weights  
and  ( 1 ). Design engineers will then be able to evaluate the trade-off by 
taking into account other parameters such as the firm preferences or the project risk. 
Figure 5.6 shows the Pareto front generated with MATLAB
CP
SP =+ SC PP
TM (the customer 

















As a conclusion of this chapter, some practical comments can be raised. First 
the application of MATLABTM during this process was much more efficient than the 
Excel Solver. Yet one needs to be really careful when choosing the prioritization 
coefficient as even MATLABTM may sometimes simply crash. Reasons for this are 
quite difficult to forecast (it is linked with the issue of convexity for the search 
domain) and fortunately this very rarely occurs. Then when generating a set of Pareto-
optimal solutions, the practitioners only interact with the Excel interface described 
before. Behind, a Visual Basic code collects all the parameters from the inputs entered 
on the Excel spreadsheets and then passes them on to the MATLABTM to solve the 
Figure 5.6. Set of 30 Pareto-optimal solutions for the digital camera 
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model. This is repeated several times while automatically changing the prioritization 
coefficients  and  so as to generate the Pareto front. The next chapter presenting a 
real case study on healthcare service shall be an opportunity to concretely assess the 
impact of this outcome (i.e. a set of Pareto-optimal solutions) on the management 
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Chapter 6 




6.1 PRELIMINARIES ON HEALTH CARE 
 
The healthcare industry is becoming one of the most dynamic service sectors 
and a more and more challenging industry. If healthcare organizations do not want to 
perish, they have to cope with the dynamics of regulation, harsh concurrence, higher 
customers’ requirements, demands for lower costs, multiplicity of the actors to deal 
with (e.g. clients, physicians, insurance company)… As in any other business 
activities, healthcare managers have thus recognized the necessity to shift towards new 
values and strategies to keep up with this evolving environment and maintain a 
competitive edge. 
In Singapore, hospitals are urged to provide the patients with high-quality and 
low-cost services and a few factors and new challenges have amplified this trend 
(Tong, 1999). First an ageing population (the median age has evolved from 30 years in 
1991 to an expected 41 years in 2020) coupled with a change in the population health 
needs, a rising expectations for better and more sophisticated healthcare services and 
an increasing cost of providing healthcare account for more diversified and 
contradictory requisites. Then the Singaporean government has separated its public 
healthcare service into two distinct providers, which accordingly have not only to 
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compete with the private sector but also between each other. Finally since 1998, Public 
hospitals’ subsidies are based on a new financing mechanism called CASEMIX: they 
are funded according to the type and difficulty of medical conditions treated and the 
number of patients seen with each condition. This was carried out in order to enhance 
the quality of health care. By working out the amount of resources used, treatment 
costs can be assessed. It basically means that each hospital will get the same amount of 
subsidy for the same condition and this has urged them as a result to look for more 
cost-effective techniques while sticking to a high quality level. 
 
Many papers have been published focusing on specific improvement areas 
suggested for enhancing the overall performance of a health establishment: 
competence for supplying culturally and linguistically appropriate services (Anderson 
et al., 2003), efficient hospital information service (Ball, 2003), hospital capacity 
management (Li and Benton, 2003), application of Six Sigma (Ettinger, 2001, 
Simmons, 2002), better logistics (Aptel and Pourjalali, 2001), better cost measurement 
and containment (Bates and Brignall, 1993, Northcott and Llewellyn, 2002) are 
examples of the most recent works. 
In parallel, Six Sigma initiatives are being launched and come to embrace a 
much larger scope of action with a more global vision of a hospital management. In 
1998, the Commonwealth Health Corporation (CHC) in association with General 
Electric (GE) committed itself for the first time to Six Sigma and since then has 
experienced tangible benefits by reducing costs and improving the quality of its 
services. Starting with processes in Radiology, projects have spread to other areas of 
the organization such as Maternal Care, Admissions or Human Resources (Thomerson, 
2001, 2002). More recently, Stahl and Pexton (2003) suggested that following the first 
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successes encountered with the DMAIC model, healthcare services would have after a 
while to move on to the next step, i.e. the Design For Six Sigma (DFSS) approach 
(figure 6.1). As explained in more details in chapter 2, DFSS is indeed an initiative 
requiring more efforts (complete transformation of a process from scratch instead of 
simpler incremental enhancements) and ususally undertaken after the Six Sigma one. 
While briefly reviewing the DMADV roadmap associated to the DFSS effort, the 
authors emphasize the first Define and Measure phases as critical steps. The use of the 
Quality Function Deployment (QFD) is here highlighted as a prevalent tool to address 
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 Figure 6.1. Six Sigma and DFSS effortented for a product as well as for a service such as health 
to previous focused quality initiatives this approach allows 
ospital management as a whole and not separately by 
ties…, the literature concerned with applying QFD to the 
een rather scarce so far (Radharamanan and Godoy, 1996; 
 qualitative approaches were only used, the cost aspect was 
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not addressed (whereas this is one of the main emphasis of the DFSS scheme) and the 
conclusions were often vague recommendations. We shall introduce a new QFD 
framework so as to tackle these shortfalls. Bearing in mind the current trend in health 
care, the method is to be efficient to properly address the customer needs, to conciliate 
quality and cost and to reach the best trade-off between these two opposite goals. 
We shall next generate the House of Quality and explain the methodology. The 
case study was carried out in association with a Singaporean re-structured hospital and 
in tight relationships with their Quality department. The inputs of the scheme were 
collected internally with their help and the relevance and consequence of the results 
discussed with their staff. The last section highlights the work still impending and 
formulates some comments over the constraints and difficulties that were encountered. 
 
6.2 FRAMEWORK TO GENERATE THE HOUSE OF QUALITY 
 
6.2.1 Phase 1: Customer requirements 
 
The types of customer and their demands may be various: patients asking for 
better quality, healthcare insurance companies asking for reduced costs, medical staff 
asking for a continuous education policy, external stakeholders (e.g. governmental 
authorities, family doctors…) asking for better cost control, respectful treatment and 
thorough diagnosis… (Dijkstra and van der Bij, 2002; Lim et al., 1999) More 
specifically in Singapore roughly 40 percent of the patients have rated poor or very 
poor the quality of hospital’s services in terms of response to their needs and 
expectations (Lim and Tang, 2000). Coupled with the difficulty encountered by these 
organizations to define quality standards and stick to them, this motivates the focus on 
  80
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
the end-user, i.e. the patients, whose satisfaction and loyalty eventually provide a 
competitive edge. 
Now that the “customer” has been decided upon, three different sources of 
information are here to be useful so as to properly address the Voice of the Customer: 
the patients themselves (three types can be differentiated: inpatients, outpatients and 
emergency), the hospital staff and the literature on healthcare issues. The re-structured 
hospital has a few customer-oriented tools/initiatives currently in place: a feedback 
form is filled up at the end of a stay by every inpatient including comments, 
suggestions and compliments for outstanding care & service; a database keeps a record 
of any complaints formulated by in- or out-patients (mainly survey forms, phone calls, 
emails or letters). All this source of information was gathered for a few months 
(January to June 2003) and by going systematically through it, fishbone diagrams were 
generated and enabled to formulate the main patients’ expectations (figure 6.2 gives an 
example of such a diagram), which were classified within three main categories: the 
environment, the medical staff and the provided healthcare service itself. All this was 
in the first place undertaken by the student with some members of the hospital’s 
Quality department acting as the QFD team. The quality department is indeed very 
familiar with the VoC since it is in charge of “listening” to it and conveying it to all the 
other concerned departments. 
• Environment 
¾ Pleasant environment (clean room, not too many beds per room, silence, 
new furniture…) 
¾ Varied, served any time and in sufficient quantity meals 
¾ Wide variety of “extra” facilities from the patient's point of view (TV, any 
entertainment, books, lockers…) 
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 Figure 6.2.  Example of fishbone diagram to generate the main patients’ requirement 82
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¾ Convenient facilities from the visitors' point of view (easy to find his way, 
flexible visit schedule, parking…) 
• Medical staff 
¾ Competent staff (calm, fast and well-trained) 
¾ Compassion, kindness… in the staff attitude 
¾ Pro-active nursing staff (anticipate needs, advise, provide spontaneous, 
clear and complete information…) 
¾ Enough staff any time 
• Health care service 
¾ Immediate response to needs and requirements 
¾ Efficient coordination (between doctors, departments, delivery of 
medicine…) 
¾ Medical performance of the doctors, assurance of a successful operation 
¾ No waiting time during procedures (admission, discharge, transfer) 
¾ Reasonable price 
Part of the staff then reviewed this list so as to make sure that no aspect would be 
overlooked and that the list was adapted to the hospital itself. The Quality, the 
Corporate Planning & Development and nursing departments are either in close 
contact with the patients or highly concerned with the patients’ welfare. Accordingly 
they could provide experience and expertise over the VoC.  
On the other hand a few surveys on patients’ expectations have already been conducted 
in the literature and results analyzed in previous research papers (Radharamanan and 
Godoy, 1996; Lim et al., 1999). As a matter of fact Lim et al. (1999) conducted a 
questionnaire with patients who had received medical treatment in a Singaporean 
hospital in order to identify customer satisfaction. This enabled to confront the results 
obtained internally (see the list above) with previous external studies and ensure once 
again that no major item had been overlooked. 
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After the list of customer expectations had been completed, each requirement 
had then to be rated on a scale [1,5]. The frequency of appearance of the complaints 
and suggestions was thus determined based on the internal data described above 
(feedback form...) and a percentage associated to each requirement (Table 6.1). Based 
on this value, two methods can then be suggested to derive the importance index. 
Either the requirement with the highest frequency of appearance is assigned the highest 





%100 = ) is assigned the medium value 3 and the weights 1, 2, 4 and 
5 are respectively associated with 1%, 4.3%, 11% and 14.3% (Weight 2 in table 6.1). 
Due to the reliance of the first weight on the highest percentage, which in this case is 
much higher than the others (20.1%) and thus brings all the weights down, we shall 
choose the second method whose results seems more satisfactory and balanced. Again 
some of the importance indexes can be compared with those obtained in previous 
research works. Table 6.2 summarizes the comparison with two other rankings. 
For all the items rated in previous works (outlined in grey in table 6.2), our 
weights are consistent. For the others, their absence of equivalent in previous research 
may be explained by their nature from a Kano’s perspective. Whereas the majority of 
the expectations are “one-dimensional” requirements more easily identifiable and thus 
formulated by the patients through comments, the four other ones are either “must-be” 
(assurance of a successful operation, efficient coordination, bill with no errors) or 
“attractive” requirements (wide variety of “extra” facilities from the patient's point of 
view, polyglot environment) as per the figure 6.3 (Berger et al., 1993). These two 
categories are respectively associated with ideas not expressed because unexpected or 
not mentioned because self-evident. This also explains their very low importance 
weight (1), correlated with a very low frequency of appearance in the patients’ 
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complaints and suggestions. Only “Efficient coordination” has a higher weight because 
this expectation was implicitly identified through many complaints.  
Table 6.1. Patients’ complaints analysis 
Patients complaints related with: Occurrence1 % Weights 1 Weights 2 
Pleasant environment (Clean, quiet, facilities in working 
conditions, air-con, wheelchairs, ventilation of day rooms) 51 11.7% 3 4 
Varied, served any time and in sufficient quantity meals 25 5.7% 1 2 
Wide variety of “extra” facilities from the patient’s point 
of view (newspapers, library) 11 2.5% 1 1 
Convenient facilities from the visitors’ point of view 
(convenient and cheap parking) 5 1.1% 0 1 
Polyglot Environment (dialects, proper English) 5 1.1% 0 1 
Competent staff (hygiene, stick to their promise, no errors 
especially in medicine delivery, experienced, professional) 57 13.1% 3 5 
Compassion, kindness… in the staff attitude (not rude, 
sensitive, discretion, no discrimination) 56 12.8% 3 5 
Pro-active nursing/doctor staff 48 11.0% 3 4 
Enough staff any time 12 2.8% 1 2 
Immediate response to needs and requirements (nurses not 
late for call bells, flexibility) 35 8.0% 2 3 
Efficient coordination (between doctors, departments, 
delivery of medicine, patient records…) 33 7.6% 2 3 
Medical performance of the doctors, assurance of a 
successful operation 0 0.0% 0 1 
No waiting time during procedures (admission, discharge, 
transfer, pharmacy, appointment line) 87 20.0% 5 5 
Reasonable bill with no errors 11 2.5% 1 1 
1: in Jan+May 2003 
 
Table 6.2. Comparison of the weights with the literature 





Pleasant environment 4 4 - 
Varied, served any time and in sufficient quantity meals 2 5 - 
Wide variety of “extra” facilities from the patient's point of view 1 - - 
Convenient facilities from the visitors' point of view 1 - 3.65 
Polyglot Environment 1 - - 
Competent staff 5 5 4.56 
Compassion, kindness… in the staff attitude 5 - 4.55 
Pro-active nursing/doctor staff 4 4 4.58 
Enough staff any time 2 - 3.71 
Immediate response to needs and requirements 3 5 4.51 
Efficient coordination 3 - - 
Medical performance of the doctors, assurance of a successful operation 1 - - 
No waiting time during procedures 5 5 4.51 
Reasonable bill with no errors 1 - - 
1: University Hospital in Santa Maria (Radharamanan and Godoy, 1996) 
2: Hospitals in Singapore (Lim et al., 1999) 
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Table 6.3. Customer Requirements and their respective weight 
Customer Requirements Prioritization coefficient 
Pleasant environment 4 
Varied, served any time and in sufficient quantity meals 2 
Wide variety of “extra” facilities from the patient's point of view 3 
Convenient facilities from the visitors' point of view 1 
Polyglot Environment 3 
Competent staff 5 
Compassion, kindness… in the staff attitude 5 
Pro-active nursing/doctor staff 4 
Enough staff any time 2 
Immediate response to needs and requirements 3 
Efficient coordination 3 
Medical performance of the doctors, assurance of a successful operation 3 
No waiting time during procedures (admission, discharge, transfer) 5 
Reasonable bill with no errors 3 
 
6.2.2 Phase 2: Technical attributes 
 
Healthcare establishments are highly complex entities. Within such 
organizations professionals usually work in local teams and hospitals are thus very 
compartmented. This has generated sub optimal quality initiatives promoted by local 
management without any global vision (Van der Bij et al., 1999). On the other hand 
the turnover among senior management has proved to be rather high and one of the 
reasons for failure to implement a lasting quality initiative, which requires 
commitment and time before any tangible results. Managers have thus often been at a 
loss to implement effective quality actions within their own organization (Geber, 
1992). At last the new QFD scheme is concerned with costs, which once again are 
correlated with the management in charge of the allocation of an overall budget. Given 
all these remarks, we shall focus on management issues and decisions. The choice of 
the technical attributes is thus orientated in this direction, i.e. towards performance 
parameters upon which the management has an impact and which can guide its quality 
actions. 
  87
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
Measurable characteristics (i.e. a lower and upper limit and if required a target 
can be associated to such characteristics) need in practice to be selected. So far the 
literature has highlighted that these measurements could be used upon either the 
outcomes or the processes. Many articles have been written on this subject showing the 
advantages and the drawbacks of these two approaches (Rubin et al., 2001, Mant, 
2001). Briefly the outcome-based measures can only be good performance indicators 
when the quality of health care services has a major impact on the outcome. Otherwise 
process-based measures should be chosen, as they are direct assessment of the quality 
of health care. Moreover the latter are easier to interpret and much more sensitive. 
Accordingly several categories of technical attributes and sub-levels of characteristics 
were first generated, which fall into either category. This was based upon previous 
research articles as well as feedback, suggestions and complaints archives, which 
helped to identify the main performance indicators. The hospital’s senior management 
(Human Resources, Corporate Planning & Development, Operational Support 
Services, Finance) then reviewed this list and helped in determining the required 
information associated to each technical attribute (i.e. lower and upper physical limits, 
improvement direction, possible target and discreet values). All this information was 
for some of the TAs rather difficult to identify because of a high level of subjectivity 
or the hospital’s incapacity to practically measure them or suggest a sensible 
measurement index. Table 6.4 summarizes all the data concerned with the TAs. 
• Facility 
¾ Physical access (phone call, parking, location…) 
¾ Environment/shops (banks, eating outlets…) 
¾ Meals quality (on a scale [1,4] derived from the patients’ appraisal from 
“very poor” to “very good”) 
¾ Number of “extra” services (TV, internet…) 
¾ Average number of beds per room (room class A, B1, B2+, B2, C) 
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¾ Wards/Rooms state (on a scale [1,4]) 
• Workforce 
¾ Nursing staff knowledge (ratio RNs to INs) 
¾ Nursing staff experience (average of the number of experience years) 
¾ Quality of nursing staff behavior in terms of kindness, attentiveness, 
thoroughness and ability of providing information (on a scale [1,4]) 
¾ Quality of medical staff behavior in terms of kindness, attentiveness, 
thoroughness and ability of providing information (on a scale [1,4]) 
¾ Staff training towards flexibility (% of staff believing that this has been 
useful to perform their job better), i.e. environment which support 
continuous learning and encourages their workforce to adapt to change and 
develop new skills 
¾ Average staff number per patient 
¾ Total number of doctors with different medical specialties 
• Equipment/Technology (in quality on a scale [0,10]) 
¾ Clinical equipment/technology: competitive edge 
¾ Administrative technology: better access to doctors and other health service 
personnel) 
¾ Patient medical information technology 
• Other management features 
¾ Quality of the admission process (on a scale [1,4]) 
¾ Quality of the discharge process (on a scale [1,4]) 
¾ Quality of the pharmacy service (on a scale [1,4]) 
¾ Process efficiency, especially communication between departments and 
between people (% of favorable responses as per staff assessment) 
¾ Facility utilization decisions in terms of inpatient admissions and surgical 
scheduling (quality control measurement of all the processes on a scale 
[0,10]) 
¾ Demand management including pre-admission review for surgical 
procedures, length of stay estimation, patient classification consideration… 
(quality control measurement of all the processes on a scale [0,10]) 
¾ Scheduling efficiency (quality control measurement of all the processes on 
a scale [0,10]) 
For some of the technical attributes (highlighted in gray in table 6.4), a lack of 
metrics and performance measurements explains the reason why at this stage, the 
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requested information could not be properly determined. For instance in the case of the 
clinical equipment (Biomedical Engineering), the hospital team has just implemented a 
new scheme to assess its performance as compared to a few targets (safer, faster, 
cheaper and better). But they are not able yet to estimate where they stand. Works on 
the hospital performance measurement still needs to be undertaken, either through 
external customer satisfaction (e.g. feedback from patients upon the 
environment/shops) or internal service level (e.g. feedback from the staff upon 
administrative technology). The use of scorecards may be relevant here. 














Physical access (call, parking, location…)       
Environment/shops (banks, eating outlets…)       
Meals quality 1 4 2.76 + - - 
Number of “extra” services       
Average number of beds per room 1 >10    1, 3, 5, 6, 10 
Wards/Rooms state 1 4 2.99 + - - 
Nursing Staff knowledge 0.6 1 0.7 + - - 
Nursing staff experience       
Quality of nursing staff behavior in terms of 
kindness, attentiveness, thoroughness and 
ability of providing information 
1 4 3.01 + - - 
Quality of medical staff behavior in terms of 
kindness, attentiveness, thoroughness and 
ability of providing information 
1 4 3.03 + - - 
Staff training towards flexibility 0 100 79 0 70 - 
Average staff number per patient   1.5    
Total number of doctors with different 
medical specialties       
Clinical equipment/technology       
Administrative technology       
Patient medical information technology       
Quality of the admission process 1 4 2.98 + - - 
Quality of the discharge process 1 4  + - - 
Quality of the pharmacy service 1 4 2.88 + - - 
Process efficiency (communication) 0 100 60 0 65 - 
Facility utilization decisions       
Demand management       
Scheduling efficiency       
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6.2.3 Phase 3: The cost dimension 
 
6.2.3.1 Mapping the cost definitions from NUH and QFD perspectives 
Regarding the TA definition, the last issue is to associate a cost function to 
each of them. We have so far approached budget in terms of improvement costs and 
considered that, starting from the characteristics of a previous product, the NPD team 
was to come up with a better new project. In the case of a hospital, we are looking into 
setting a new balance of efforts to put on the different cost centers once the most 
suitable trade-off between customer satisfaction and costs has been established. The 
new QFD framework shall meet these requirements by first enabling to choose an 
overall budget given the expected incurred level of customer satisfaction (i.e. trade-off 
analysis between both objectives) and then to find the budget allocation, which would 
lead to such an outcome, i.e. better fit patients’ needs and expectations. 
On the other hand compared to a “traditional” NPD process, a healthcare 
organization is a much more complex entity than a new product and as a service 
provider many of the technical attributes are rather subjective and thus much more 
difficult to treat as measurable variables. The issue of the cost definition is thus 
complicated, as the healthcare features of the HoQ have usually no clear meaning for 
the hospital in terms of financial investments. Figure 6.4 summarizes a hypothetical 
standard cost breakdown for a healthcare service as per Sides (2000) or Ellwood 
(1991), showing no straightforward link with the TAs as previously defined. Likewise, 
this section is concerned with interpreting and translating real parameters and the 
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 Figure 6.4. Hypothetical cost breakdown for a hospitalet is decided upon by functional area, mainly following a “bottom-
d on volume projection and patient mix provided by the clinical 
venue budget is built up and each revenue center is assigned a 
s in turn enables to determine the operating budget for each profit 
 with its own projected cost for the current year. For each of these, 
e. asset description and justification for request) has also to be 
gaporean hospital terminology, the profit centers (e.g. department 
ent of medicine) are business activities whose assessment of the 
lps in the decision-making of general activity guidelines. All the 
located to these cost centers from more precise and concrete ones: 
generating money (e.g. wards, renal center) and the support centers 
e, financial accounting). Figure 6.5 summarizes this process. This 
y revenue and support centers has to be reconciled with that of the 
utes. The mapping of both cost definitions for the QFD framework 
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and the hospital organization will help to define the cost function associated to each 
TA as well as to formulate the final outcome in sensible terms from the hospital’s 
perspective. We shall next provide guidelines and suggestions for the financial 























Finally all the 
compared to th




 Figure 6.5. Cost and revenue allocations in the local hospitalt ways to look at the expenses (respectively by expenditures type, by 
by cost centers) are used within the local hospital organization. In terms 
es type, staff cost, supplies and drugs, depreciation and repair and 
ccount for 89% of all the expenditure while the rest of the budget 
ite negligible (in grey in the first column of figure 6.6). All the staff and 
 costs can be further detailed by divisions (second column in figure 6.6). 
main expenditures can be associated to a few suggested cost centers (as 
e total number of roughly 200). The financial department shall identify 
t centers so as to encompass both the main expenses from the hospital 
d all the TAs from the QFD perspective. Figure 6.6 summarizes all these 
 All these cost breakdowns are derived from internal financial data. 
 93
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
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A specific illustration of the use of the mapping “cost centers/technical attributes” is 
given in figure 6.7 for the TA “Staff training towards flexibility” using fictitious data. 
This is one of the steps in translating the budget to cost function, i.e. determining the 
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 Figure 6.7. Example of cost mapping for the TA “training”Building-up the cost functions 
he link between the QFD logic and the hospital environment is built 
e cost functions themselves must be considered. It is most likely that 
rtment will not be able to determine them and we shall again suggest 
ology. Three TA values are automatically associated to three cost 
the previous mapping, a cost can be derived from the known 
ed to the cost centers and be associated to each technical attribute 
ue. We will also assume that for an allocation of 0% of the budget, 
ure value shall be at its minimal possible value (i.e. 0 once translated 
ty function). Similarly we can consider the cost allocation for a total 
A requisite (i.e. 1 in terms of desirability function). Obviously this 
e cost  cannot be rigorously determined but only subjectively MaxC
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assessed. According to the Finance department’s appraisal, it could be chosen as a 
certain percentage of the current allocated cost (e.g. 120%).  
Respectively in the contexts of representing the relationship between 
investment and probability of failures of various components of a satellite, optimizing 
the mechanical properties of steel and optimizing the dual response system, Guikema 
and Pate-Cornell (2002) and Kim and Lin (2000, 1998) introduced an exponential 
function, which could generate a wide range of shapes by adjusting its parameters. 
This could also be used so as to represent the evolution of a TA value due to an 
increase of the cost allocation share. Given that the function must verify ( )  we 
introduce the following exponential function whose overall shape only relies on the 





































It involves that if t is negativ
the beginning and this pheno
more important (practically i
 Figure 6.8. Exponential functionse investment’s increase rapidly brings up the TA value at 
menon is then attenuated when the budget share becomes 
t should be the case for most of the characteristics). This 
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is the opposite when t is positive. By resolving the following equation, t can be 
determined and the exponential function ( )zEt  be entirely known: 
 ( ) it tsharebudgetcurrentvalueTAcurrentE ⇒=  
 
it  cannot be expressed literally and the equation above has to be solved numerically. 
Once this function has been identified, it is necessary to transform it into a series of 
segments so that it can be entered as inputs. We chose to define four segments. Figure 




















Finally the cost function a
formula 6.2. The analysis of
the choice of cost functions i
 
 Figure 6.9. Cost function definitiossociated to  will be given by the equations as per 
 the results shall enable one to assess a-posteriori whether 
s viable and robust. 
iTA
 97
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 



































































































































































For non-disclosure reasons, no real data could then be collected so as to build 
up the cost functions. Yet fictitious figures can be used to illustrate how the cost 
functions can practically be generated following the scheme just developed. The focus 
is put on the technical attribute “Meal quality”. A hypothetical value of 100 is assigned 
to the budget allocated this TA. Here are thus all the known values associated to the 
“Meal quality”: 
Table 6.5. Features for the TA "Meal quality" 
   Current value Current allocated budget 
“Meal quality” 0.587 100 
 
MaxC  is taken as 120% of the present allocated budget, i.e. 120. By solving the 









Numerically, the solution  is found thanks to the use of the Excel Solver.  
The exponential function is thus as follows: 
-2.435=t
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( ) ( )( ) 1435.2exp
1*435.2exp*120435.2 −−
−−=− zzE  (6.4)
 
As per the formula 6.2, the cost function is entirely identified by the four segments as 
per the figures in table 6.6 (definition of all the intervals similar to the way the 
practitioner has to enter all these inputs on the Excel interface before using the 
optimization model). Figure 6.10 gives the overall shape of the cost function. As a 
confirmation of its robustness, the shape of the function induces that at the beginning 
the return on investment for the “Meal quality” is very good and the more is invested, 
the more it then decreases. 
Table 6.6. Excel definition of the cost function for the TA "Meal quality" 
TA 
number 
Lower value of the 
interval (x-axis) 
Upper value of the 
interval (x-axis) 
Lower value of the 
interval (y-axis) 
Upper value of the 
interval (y-axis) 
3 0 0.293 0 67.134 
3 0.293 0.587 67.134 100 
3 0.587 0.793 100 112.464 
3 0.793 1 112.464 120 
 























 Figure 6.10. Illustration of a cost function for the TA "Meal quality" 99
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6.2.4 Phase 4: The whole matrix 
 
Once the relationships between the CRs and TAs and the correlation 
coefficients between TAs were determined and the whole matrix was generated, the 
completed HoQ should look as follows (see figure 6.11). 
 
6.3 CONCLUSIONS AND REMARKS 
 
As a conclusion, figure 6.12 summarizes the whole suggested QFD scheme 
from the practitioners’ point of view and highlights the impending steps in the case of 
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Figure 6.11. HoQ for a healthcare service 101
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At the end of the process, according to the hospital’s trade-off preferences/constraints, 
factors contributing to the patient satisfaction shall be identified. It will shed some 
light on the optimal level of quality improvement measures and their related costs for 
meeting a particular level of patient satisfaction. This should help in formulating 
guidelines and identifying opportunities for further enhancements and could be a first 


































































































• Identify the CRs
• Rate them
• Identify a set of TAs
• Determine the information 
associated to each of the TAs 
(performance measurement)
• Determine the relationships 
coefficients Rij
• Determine the correlation 
coefficients Tij
• Define a mapping in details
• Determine the cost allocated to 
each cost centers
• Determine Cmax
• Enter all the requested inputs 
as per the proposed scheme































 Figure 6.12.  The whole QFD framework 102
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We shall finally go over the particular constraints and difficulties encountered 
due to the studied hospital environment and its healthcare activity as well as the 
conclusions and teachings that it induces: 
• The QFD process and the chosen approach encompass a very general and large 
point of view of the hospital organization, mainly due to the voluntary focus on 
managerial issues. Such an initiative is rather new compared to the other actions 
carried out by the Quality department, which usually focuses on much more 
specific issues. As previously pointed out, our purpose is more concerned with 
suggesting a more systematic and organized guideline for all these individual 
quality initiatives, based on the patients’ expressed preferences and budget 
objectives. It was thus difficult to find people with a vision of the hospital large 
enough. In addition to the interview with various Heads of department (HR, OSS, 
CPBD…), meetings with the CEO, COO... would have provided very value-added 
opinions. 
• With regard to the customer focus, the hospital has put in place some feedback 
systems but only takes specific actions by advising the department/staff concerned 
with the raised complaints or suggestions. This information is not used in a 
systematic way and no compilation of all suggestions and comments is done. This 
made more difficult the generation of general categories of patients’ needs and 
expectations. 
• Financial data are very limited being highly sensitive and confidential. This made 
impossible to completely determine cost functions and only a suggestion of scheme 
was made. On the other hand, lots of issues are raised when attempting to match 
the QFD framework with a consistent interpretation of the highly complex hospital 
organization so that the final outcome will be relevant and sensible from the 
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hospital’s perspective. This actually follows an operational research pattern: 
translate a real world problem into comprehensive variables for the mathematical 
model, find a solution and again translate it into a suggested real world solution. 
• Service implies a certain level of subjectivity in lots of the technical attributes, 
which complicated the definition of all the inputs requested to run the model. In a 
lot of department, management has not at disposal measurement tools or measures 
of some characteristics. In turn, measures were not available for the QFD features. 
• Definitely this initiative has to be led and coordinated by the Quality department, 
which can get an overview large enough of the hospital management and get in 
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Chapter 7 
Conclusions and further developments 
 
 
7.1 CONCLUSION OF THE RESEARCH WORK 
 
DFSS principles and philosophy were first reviewed in this work. We 
systematically investigated the stages of the IDOV framework and the major tools 
involved throughout this scheme. In this context, it was showed that some 
improvements could be brought to the well-known QFD method so that it better fits 
DFSS purposes. 
In chapter 4, an Excel-based multi-criteria optimization model was developed 
using the idea of goal programming and its robustness was proven through a sensitivity 
analysis. It overcame some drawbacks of the previous works carried out on the HoQ. 
The model presented the trade-off between customer satisfaction and cost objectives 
by generating a set of Pareto-optimal solutions. This allows design teams engaging in 
new product development some flexibility in deciding on the final design. A salient 
feature of the model was that all types of Technical Attributes (LTB, STB and NTB) 
were taken into account by representing their values with desirability functions. 
Chapter 5 went one step further as discrete Technical Attributes’ values and 
discontinuous cost functions could now be defined by the practitioners. This second 
optimization model was developed using MATLABTM and an Excel interface to 
facilitate integration with QFD. 
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Chapter 6 introduced a case study on the healthcare industry. After a review of 
the main challenges currently faced by this sector, it was decided to look at applying 
the new QFD framework to tackle these issues. In association with a Singaporean 
hospital and especially their Quality department, the patients’ requirements and a 
consistent set of healthcare features were first identified. A scheme was then suggested 
for the practitioners to address the gap between the QFD components previously 
identified and the hospital’s complex organization. Through this interpretation, 
sensible results can be generated and help management in deciding priorities and 
budget allocation. This could be a launching point to cope with the challenging 
Singaporean health environment by using the methodology to formulate guidelines and 
policies aimed at enhancing healthcare services. 
 
 The research work previously carried out is only a first step in addressing some 
of the shortfalls raised concerning QFD. We next briefly look into the QFD process 
from a different perspective when not only the HoQ is considered but also the 
subsequent matrices. We demonstrate the benefits of this approach and look at using 
the results obtained from the QFD scheme developed in this thesis. Further issues and 
research directions are accordingly suggested. 
 
7.2 THE QFD PROCESS: A MORE GENERAL APPROACH 
 
The very first focus of the whole QFD scheme is the Voice of the Customer. 
Initially there is no point optimizing the quality of the technical attributes, the 
product’s parts, the manufacturing processes or the production requirements if 
eventually the customer satisfaction itself is not increased. This is translated within the 
  106
TRADE-OFF ANALYSIS FOR QFD                            PIERRE PAOLI 2003 
   
QFD scheme through the network of matrices which are not interlinked with one 
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cost that has been used so far was only related to the technical attributes in the HoQ 
and defined in terms of efforts for enhancing them. Yet if one considers the whole 
QFD framework with its four matrices, this also deals with choices over optimal 
product components, manufacturing processes and quality controls tests. Obviously 
costs are associated to these latter choices and shall influence the overall budget of the 
NPD process. It thus means that the costs accounted for through the HoQ may not be 
sufficient to fully assess the financial impacts and differences between several design 
alternatives. 
 
7.3 HOW TO USE THE WORK PREVIOUSLY DONE? 
 
7.3.1 From one solution of the multi-criteria optimization model 
 
We briefly highlight here the second phase of the QFD scheme. There are some 
fundamental differences between the two first matrices. First the Customer Satisfaction 
does not appear explicitly anymore and there is therefore no point trying to optimize it 
by now (as seen previously). Then the nature of the relationships between the “Hows” 
and “Whats” is very different. For the HoQ it has made sense to define the CRs as a 
linear sum of the TAs thanks to the coefficients : accordingly if a TA value was 
optimized, the related CR values were also optimized. However the relationships  
between the TAs and the Product Components (PCs) are not as straightforward and it 
may not make sense to consider the TA values as a linear sum of the PC values. For 
instance in the illustration of the digital camera, the characteristic “Availability” is not 
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processor” and “Memory and more complicated relationships would certainly have to 
be introduced.  
With simple relationships as initially introduced by QFD (i.e. simply 
suggesting the link strength), it seems that the only relevant information we can get is 
the weights to assign to each PC derived from weights associated to the TAs. We thus 
suggest the following scheme so as to link both matrices. Once a solution has been 
generated from the HoQ, we translate the TA values (on a scale [0,1] easily derived 
from the desirability function as per formula 4.1) into absolute weights for the PCs. 
Once normalized, it will provide a PC value defined in terms of quality and type to 
which we will associate a cost. We also take into account the inter-relationships  








This implies that once a set of TA values has been chosen, it automatically involves a 
certain quality and type of PC. In a sense it complies with the very first definition of 
QFD: initially the VoC was conveyed all through the matrices downwards and not 
back. 
 A few questions would still be impending: How to translate the absolute 
weights into relative weights? How to define a cost associated to the PC values, which 
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7.3.2 From the set of Pareto-optimal solutions 
 
The previous section looked into the use of one solution. Yet thanks to our new 
QFD framework, a whole set of Pareto-optimal solutions can easily be generated. All 
these solutions differ in terms of customer satisfaction level and cost. This provides the 
practitioners with a number of bases to start working with the second matrix. Through 
the process suggested in the previous section, each solution can be translated all 
through the three following matrices. The cost associated with all the matrices will 
thus be taken into consideration. This would enable the practitioners to encompass the 
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Program using the Excel Solver to generate one solution with a set of 





    'Declaration of the variables 
    Dim i As Integer 
    Dim number_It As Integer 
    Dim best_CS As Double 
    Dim worst_Cost As Double 
    Dim unitCost As Double 
     
    i = 0 
     
    number_It = 50 
     
    'Loop to generate the population and send the results of each iteration to the 
worksheet "pop_generation" 
    For i = 0 To number_It 
         
        Sheets("Behind").Select 
        Range("C40:S40").Select 
        Selection.ClearContents 
         
        Range("X40").Select 
        ActiveCell.FormulaR1C1 = "=1001-1000/" & number_It & "*" & i 
        Range("Y40").Select 
        ActiveCell.FormulaR1C1 = "=1+1000 / " & number_It & " * " & i 
        SolverSolve UserFinish:=True 
         
        Range("X40").Select 
        Selection.Copy 
        Sheets("pop_generation").Select 
        Cells(i + 2, 1).Select 
        Selection.PasteSpecial Paste:=xlValues, Operation:=xlNone, SkipBlanks:= _ 
            False, Transpose:=False 
             
        Sheets("Behind").Select 
        Range("Y40").Select 
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        Selection.Copy 
        Sheets("pop_generation").Select 
        Cells(i + 2, 2).Select 
        Selection.PasteSpecial Paste:=xlValues, Operation:=xlNone, SkipBlanks:= _ 
            False, Transpose:=False 
             
        Sheets("Behind").Select 
        Range("AE35").Select 
        Selection.Copy 
        Sheets("pop_generation").Select 
        Cells(i + 2, 3).Select 
        Selection.PasteSpecial Paste:=xlValues, Operation:=xlNone, SkipBlanks:= _ 
            False, Transpose:=False 
         
        Sheets("Behind").Select 
        Range("T45").Select 
        Selection.Copy 
        Sheets("pop_generation").Select 
        Cells(i + 2, 4).Select 
        Selection.PasteSpecial Paste:=xlValues, Operation:=xlNone, SkipBlanks:= _ 
            False, Transpose:=False 
         
        Sheets("Behind").Select 
        Range("C40:S40").Select 
        Selection.Copy 
        Sheets("pop_generation").Select 
        Cells(i + 2, 5).Select 
        Selection.PasteSpecial Paste:=xlValues, Operation:=xlNone, SkipBlanks:= _ 
            False, Transpose:=False 
        Sheets("Behind").Select 
         
    Next i 
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Program using MATLABTM to generate one solution with a set of prioritization 





    MatlabInit 
     
    'Declare all the variables as global in order to use them in the M-files 
    MLEvalString "global vartype varstart vartarget UL LL CRweights Rij Tij Data Pc Ps 
Ctar Star" 
 
    'Get all the possible values for the discrete variables and the cost functions 
from the Excel spreadsheet "Behind_bis" 
    Sheets("Behind_bis").Select 
    MLPutMatrix "Data", Range("A1:E47") 
     
    'Get all the inputs from the Excel spreadsheet "Behind" 
    Sheets("Behind").Select 
    MLPutMatrix "Rij", Range("C26:S34") 
    MLPutMatrix "Tij", Range("C6:S22") 
    MLPutMatrix "CRweights", Range("U26:U34") 
    MLPutMatrix "LL", Range("C35:S35") 
    MLPutMatrix "UL", Range("C36:S36") 
    MLPutMatrix "vartype", Range("C42:S42") 
    MLPutMatrix "vartarget", Range("C41:S41") 
    MLPutMatrix "varstart", Range("C37:S37") 
    MLPutMatrix "Ps", Range("X40") 
    MLPutMatrix "Pc", Range("Y40") 
    MLPutMatrix "Star", Range("W40") 
    MLPutMatrix "Ctar", Range("V40") 
     
    'Use Matlab to solve the optimization problem 
    MLEvalString "fun = @objfun_qfdfinal2" 
    MLEvalString "options = optimset('LargeScale', 'off', 'MaxFunEvals', 5000)" 
    MLEvalString "[x,fval,exitflag,output] = 
fmincon(fun,varstart,normalizeB_qfd,normalizeC_qfd,[],[],LL,UL,[],options)" 
     
    'Variable definitions 
    Sheets("Behind_bis").Select 
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    Dim i As Integer 
    Dim j As Integer 
    Dim counter As Integer 
    Dim comb(2, 4) As Double 
    Dim cell(45, 4) As Double 
    Dim combfinal(2 * 2 * 2 * 2 * 2 - 1, 16) As Double 
     
    i = 1 
    j = 1 
    counter = 0 
    MLGetVar "x", newVar 
     
    For i = 2 To 47 
        For j = 1 To 5 
            cell(i - 2, j - 1) = Cells(i, j) 
        Next j 
    Next i 
     
    'Once continuous solution has been found, we round each of the discrete 
variables either up or down so as to end up with a series of combinations 
derived from the optimum solution and finally we pick up the best one 
according to the objective function 
    For i = 1 To 45 
        If cell(i, 2) <> 0 And cell(i, 4) = 0 And cell(i, 0) = cell(i - 1, 0) Then 
            If newVar(1, cell(i, 0)) <= cell(i, 2) And newVar(1, cell(i, 0)) > cell(i - 1, 2) Then 
                comb(0, counter) = cell(i, 0) 
                comb(1, counter) = cell(i - 1, 2) 
                comb(2, counter) = cell(i, 2) 
                counter = counter + 1 
            End If 
        End If 
    Next i 
     
    Dim k1 As Integer 
    Dim k2 As Integer 
    Dim k3 As Integer 
    Dim k4 As Integer 
    Dim k5 As Integer 
    Dim counterfinal As Integer 
    counterfinal = 0 
     
    For i = 0 To 2 * 2 * 2 * 2 * 2 - 1 
        For j = 0 To 16 
            combfinal(i, j) = newVar(1, j + 1) 
        Next j 
    Next i 
     
    For k1 = 1 To 2 
        var1 = comb(k1, 0) 
        For k2 = 1 To 2 
            Var2 = comb(k2, 1) 
            For k3 = 1 To 2 
                Var3 = comb(k3, 2) 
                For k4 = 1 To 2 
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                    Var4 = comb(k4, 3) 
                    For k5 = 1 To 2 
                        var5 = comb(k5, 4) 
                        combfinal(counterfinal, comb(0, 0) - 1) = var1 
                        combfinal(counterfinal, comb(0, 1) - 1) = Var2 
                        combfinal(counterfinal, comb(0, 2) - 1) = Var3 
                        combfinal(counterfinal, comb(0, 3) - 1) = Var4 
                        combfinal(counterfinal, comb(0, 4) - 1) = var5 
                        counterfinal = counterfinal + 1 
                    Next k5 
                Next k4 
            Next k3 
        Next k2 
    Next k1 
     
    MLPutVar "Combfinal", combfinal 
     
    MLEvalString "[f, satisfaction, finalCost] = objfun_qfdfinal2(Combfinal(1,:))" 
    MLGetVar "f", best_of 
     
    Dim best_comb As Integer 
    best_comb = 1 
     
    For i = 1 To 2 * 2 * 2 * 2 * 2 
     
        MLEvalString "[f, satisfaction, finalCost] = objfun_qfdfinal2(Combfinal(" & i & ",:))" 
        MLGetVar "f", test 
        If test(1, 1) <= best_of(1, 1) Then 
            best_of = test 
            best_comb = i 
        End If 
         
    Next i 
     
    MLPutVar "best_comb", best_comb 
    MLEvalString "[f, satisfaction, finalCost] = 
objfun_qfdfinal2(Combfinal(best_comb,:))" 
     
    'Send back all the outputs to the Excel Spreadsheet "Behind" 
    MLGetMatrix "Combfinal(best_comb,:)", "Behind!C40" 
    MLGetMatrix "f", "Behind!Z27" 
    MLGetMatrix "satisfaction", "Behind!W27" 
    MLGetMatrix "finalCost", "Behind!X27" 
     
    MatlabRequest 
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    MatlabInit 
     
    'Declare all the variables as global in order to use them in the M-files 
    MLEvalString "global vartype varstart vartarget UL LL CRweights Rij Tij Data Pc Ps 
Ctar Star" 
 
    'Get all the possible values for the discrete variables and the cost functions 
from the Excel spreadsheet "Behind_bis" 
    Sheets("Behind_bis").Select 
    MLPutMatrix "Data", Range("A2:E48") 
    
    'Get all the inputs from the Excel spreadsheet "Behind" 
    Sheets("Behind").Select 
    MLPutMatrix "Rij", Range("C26:S34") 
    MLPutMatrix "Tij", Range("C6:S22") 
    MLPutMatrix "CRweights", Range("U26:U34") 
    MLPutMatrix "LL", Range("C35:S35") 
    MLPutMatrix "UL", Range("C36:S36") 
    MLPutMatrix "vartype", Range("C42:S42") 
    MLPutMatrix "vartarget", Range("C41:S41") 
    MLPutMatrix "varstart", Range("C37:S37") 
    MLPutMatrix "Star", Range("W40") 
    MLPutMatrix "Ctar", Range("V40") 
     
    'Set Matlab optimization parameters 
    MLEvalString "fun = @objfun_qfdfinal2" 
    MLEvalString "options = optimset('LargeScale', 'off', 'MaxFunEvals', 5000)" 
     
    'Variable definitions 
    Sheets("Behind_bis").Select 
     
    Dim i As Integer 
    Dim j As Integer 
    Dim counter As Integer 
    Dim comb(2, 4) As Double 
    Dim cell(45, 4) As Double 
    Dim combfinal(2 * 2 * 2 * 2 * 2 - 1, 16) As Double 
     
    For i = 2 To 47 
        For j = 1 To 5 
            cell(i - 2, j - 1) = Cells(i, j) 
        Next j 
    Next i 
     
    Dim k1 As Integer 
    Dim k2 As Integer 
    Dim k3 As Integer 
    Dim k4 As Integer 
    Dim k5 As Integer 
    Dim counterfinal As Integer 
     
    Sheets("Behind").Select 
    MLPutMatrix "Psbase", Range("X40") 
    MLPutMatrix "Pcbase", Range("Y40") 
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    Dim n As Integer 
    n = 30 
    Dim pop As Integer 
     
    'Loop generating the population 
    For pop = 0 To n - 1 
     
    Sheets("Behind").Select 
     
    'Change in the weights 
    MLEvalString "Ws1 = 0.01 + 0.01*" & 100 * pop / n 
    MLEvalString "Wc1 = 1 - Ws1" 
    MLEvalString "Ps = Ws1 * Psbase" 
    MLEvalString "Pc = Wc1 * Pcbase" 
     
    'Use Matlab to solve the optimization problem 
    MLEvalString "[x,fval,exitflag,output] = 
fmincon(fun,varstart,normalizeB_qfd,normalizeC_qfd,[],[],LL,UL,[],options)" 
     
    i = 1 
    j = 1 
    counter = 0 
    MLGetVar "x", newVar 
     
    'Once continuous solution has been found, we round each of the discrete 
variables either up or down so as to end up with a series of combinations 
derived from the optimum solution and finally we pick up the best one 
according to the objective function 
    For i = 1 To 45 
        If cell(i, 2) <> 0 And cell(i, 4) = 0 And cell(i, 0) = cell(i - 1, 0) Then 
            If newVar(1, cell(i, 0)) <= cell(i, 2) And newVar(1, cell(i, 0)) > cell(i - 1, 2) Then 
                comb(0, counter) = cell(i, 0) 
                comb(1, counter) = cell(i - 1, 2) 
                comb(2, counter) = cell(i, 2) 
                counter = counter + 1 
            End If 
        End If 
    Next i 
     
    counterfinal = 0 
     
    For i = 0 To 2 * 2 * 2 * 2 * 2 - 1 
        For j = 0 To 16 
            combfinal(i, j) = newVar(1, j + 1) 
        Next j 
    Next i 
     
    For k1 = 1 To 2 
        var1 = comb(k1, 0) 
        For k2 = 1 To 2 
            Var2 = comb(k2, 1) 
            For k3 = 1 To 2 
                Var3 = comb(k3, 2) 
                For k4 = 1 To 2 
                    Var4 = comb(k4, 3) 
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                    For k5 = 1 To 2 
                        var5 = comb(k5, 4) 
                        combfinal(counterfinal, comb(0, 0) - 1) = var1 
                        combfinal(counterfinal, comb(0, 1) - 1) = Var2 
                        combfinal(counterfinal, comb(0, 2) - 1) = Var3 
                        combfinal(counterfinal, comb(0, 3) - 1) = Var4 
                        combfinal(counterfinal, comb(0, 4) - 1) = var5 
                        counterfinal = counterfinal + 1 
                    Next k5 
                Next k4 
            Next k3 
        Next k2 
    Next k1 
     
    MLPutVar "Combfinal", combfinal 
     
    MLEvalString "[f, satisfaction, finalCost] = objfun_qfdfinal2(Combfinal(1,:))" 
    MLGetVar "f", best_of 
     
    Dim best_comb As Integer 
    best_comb = 1 
     
    For i = 1 To 2 * 2 * 2 * 2 * 2 
     
        MLEvalString "[f, satisfaction, finalCost] = objfun_qfdfinal2(Combfinal(" & i & ",:))" 
        MLGetVar "f", test 
        If test(1, 1) <= best_of(1, 1) Then 
            best_of = test 
            best_comb = i 
        End If 
         
    Next i 
     
    MLPutVar "best_comb", best_comb 
    MLEvalString "[f, satisfaction, finalCost] = 
objfun_qfdfinal2(Combfinal(best_comb,:))" 
     
    'Send back all the outputs to the Excel Spreadsheet "pop_generation" 
    Sheets("pop_generation").Select 
    MLGetMatrix "Ps", "A" & pop + 2 
    MatlabRequest 
    MLGetMatrix "Pc", "B" & pop + 2 
    MatlabRequest 
    MLGetMatrix "satisfaction", "C" & pop + 2 
    MatlabRequest 
    MLGetMatrix "finalCost", "D" & pop + 2 
    MatlabRequest 
     
    Next pop 
     
    MatlabRequest 
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MATLAB FUNCTIONS: 
 
function [f,S,Cost] = objfun_qfdfinal2(var) 
 
global vartype varstart vartarget UL LL CRweights Rij Tij Data Pc Ps Ctar Star 
 
for i = 1:17 
 if vartype(i) == 2 
  varN(i) = (var(i)-UL(i))/(LL(i)-UL(i)); 
 elseif vartype(i) == 1 
  varN(i) = (var(i)-LL(i))/(UL(i)-LL(i)); 
 else 
  if var(i) > vartarget(i) 
      varN(i) = (var(i)-UL(i))/(vartarget(i)-UL(i)); 
  else 
   varN(i) = (var(i)-LL(i))/(vartarget(i)-LL(i)); 




counter = 1; 
counter_line = 1; 
Cost = 0; 
for i=1:size(Data,1)  
        if (Data(i,1) == counter & i < size(Data,1)) 
        else 
            Data2 = Data(counter_line:(i-1), 1:5); 
            if counter_line == (i-1) 
                costType = 1; 
            else 
                if Data2(i-counter_line, 5) == 0 
                    costType = 2; 
                else 
                    costType = 3; 
                end 
            end 
            Cost = Cost + costUnit(var(counter), varstart(counter), vartype(counter), 
vartarget(counter), Data2, costType); 
            counter_line = i; 
            counter = counter + 1; 
        end 
end 
 
A = Tij*varN'; 
B = Rij*A; 
S = CRweights'*B; 
 
deltaS = (S - Star)/Ps; 
deltaC = (Cost - Ctar)/Pc; 
f = deltaS^2 + deltaC^2; 
 
% subfunction 
function g = costUnit(var_current_value, var_start, var_type, var_target, tab, 
cost_type) 
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Newcost = 0; 
switch cost_type 
     
case 1 
     
    if var_type == 1 
        if var_current_value - var_start > 0 
            h = var_current_value - var_start; 
        else 
            h = 0; 
        end 
    elseif var_type == 2 
        if var_start - var_current_value > 0 
            h = var_start - var_current_value; 
        else 
            h = 0; 
        end 
    else 
        if (var_current_value <= var_target & var_current_value > var_start) 
            h = var_current_value - var_start; 
        elseif (var_current_value >= var_target & var_current_value > var_start) 
            h = var_start - var_current_value; 
        else 
            h = 0; 
        end 
    end 
    g = tab(1,2)*h; 
     
case 2 
     
    for i=1:size(tab,1) 
        if round_discrete(var_current_value,tab(:,3)) == tab(i,3) 
            Newcost = tab(i,2); 
        end 
        if round_discrete(var_start,tab(:,3)) == tab(i,3) 
            Oldcost = tab(i,2); 
        end 
    end 
     
    if var_type == 1 
        if var_current_value - var_start > 0 
            g = Newcost - Oldcost; 
        else 
            g = 0; 
        end 
    elseif var_type == 2 
        if var_start - var_current_value > 0 
            g = Newcost - Oldcost; 
        else 
            g = 0; 
        end 
    else 
        if (var_current_value <= var_target & var_current_value > var_start & Newcost - 
Oldcost > 0) 
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            g = Newcost - Oldcost; 
        elseif (var_current_value >= var_target & var_current_value > var_start & 
Newcost - Oldcost > 0) 
            g = Newcost - Oldcost; 
        else 
            g = 0; 
        end 
    end 
     
otherwise 
     
    for i=1:size(tab,1) 
        if (var_current_value <= tab(i,5) & var_current_value >= tab(i,4)) 
            Newcost = (tab(i,3)-tab(i,2))/(tab(i,5)-tab(i,4))*var_current_value + 
(tab(i,3)*tab(i,4)-tab(i,2)*tab(i,5))/(tab(i,4)-tab(i,5)); 
        end 
        if (var_start <= tab(i,5) & var_start > tab(i,4)) 
            Oldcost = (tab(i,3)-tab(i,2))/(tab(i,5)-tab(i,4))*var_start + (tab(i,3)*tab(i,4)-
tab(i,2)*tab(i,5))/(tab(i,4)-tab(i,5)); 
        end 
    end 
     
    if var_type == 1 
        if var_current_value - var_start > 0 
            g = Newcost - Oldcost; 
        else 
            g = 0; 
        end 
    elseif var_type == 2 
        if var_start - var_current_value > 0 
            g = Newcost - Oldcost; 
        else 
            g = 0; 
        end 
    else 
        if (var_current_value <= var_target & var_current_value > var_start & Newcost - 
Oldcost > 0) 
            g = Newcost - Oldcost; 
        elseif (var_current_value >= var_target & var_current_value > var_start & 
Newcost - Oldcost > 0) 
            g = Newcost - Oldcost; 
        else 
            g = 0; 
        end 
    end 
     
end 
 
function z = round_discrete(var, values) 
 
n = size(values,1); 
tampon = abs(var-values(1)); 
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    distance = abs(var-values(i)); 
    if distance < tampon 
        tampon = distance; 
        z = values(i); 




function B = normalizeB_qfd() 
 
global vartype varstart vartarget UL LL Tij 
 
for i = 1:17 
 if vartype(i) == 2 
  varN(i,i) = 1/(LL(i)-UL(i)); 
 elseif vartype(i) == 1 
  varN(i,i) = 1/(UL(i)-LL(i)); 
 else 
  if varstart(i) > vartarget(i) 
      varN(i,i) = 1/(vartarget(i)-UL(i)); 
  else 
   varN(i,i) = 1/(vartarget(i)-LL(i)); 




A = (varN*Tij); 
 
B = [A, -A]'; 
 
 
function C = normalizeC_qfd() 
 
global vartype varstart vartarget UL LL Tij 
 
for i = 1:17 
 if vartype(i) == 2 
  varN(i) = (-UL(i))/(LL(i)-UL(i)); 
 elseif vartype(i) == 1 
  varN(i) = (-LL(i))/(UL(i)-LL(i)); 
 else 
  if varstart(i) > vartarget(i) 
      varN(i) = (-UL(i))/(vartarget(i)-UL(i)); 
  else 
   varN(i) = (-LL(i))/(vartarget(i)-LL(i)); 




A = ones(17,1) - Tij*varN'; 
B = Tij*varN'; 
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